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Abstract

In this paper a new structural model is presented to describe the evolution of porosity of char during the gasification process. The

model assumes the char structure to be composed of bundles of parallel graphite layers, and the reactivities of each layer with the

gasification agent are assumed to be different to represent the different degree of heterogeneity of each layer (i.e. each layer will react

with the gasification agent at a different rate). It is this difference in the reactivity that allows micropores to be created during the

course of gasification. This simple structural model enables the evolution of pore volume, pore geometrical surface area and the pore

size distribution to be described with respect to the extent of char burn-off. The model is tested against the experimental data of

gasification of longan seed-derived char with carbon dioxide and it is found that the agreement between the model and the data

is reasonably satisfactory, especially the evolution of surface area and pore volume with burn-off.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Activated carbon is commonly used as an adsorbent

in many separation and purification systems. One of

the reasons for its wide application is the very high spe-

cific surface area of activated carbon (typically in the

order of 1000 m2g�1), which is a prerequisite for achiev-

ing high adsorption capacity. Commercial activated car-

bon can be produced from a variety of carbonaceous
materials employing either physical activation or chem-

ical activation processes, with the former being more

favorable. During the activation process, pores are cre-

ated and developed (both in length and width), giving

eventually a distribution of pore size. An understanding

of how pores are developed during the activation pro-
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cess is an essential part in tailoring activated carbon
with pore sizes suitable for the desired adsorption appli-

cation. The reaction involved in the physical activation

is the one between the carbon atom and the oxidizing

gas. It is this reaction that gives rise to pore creation

and development as some parts of the char structure

are reacted faster than the others.

Characterization of resulting activated carbon is

commonly carried out by studying adsorption isotherms
of some common probe molecules. Adsorption equilib-

ria in carbonaceous materials have been studied fairly

intensively both experimentally and theoretically in the

past few decades. This is mostly due to the advances

in experimental techniques and the availability of high

speed computer that make advanced theoretical tools

such as density functional theory (DFT) [1] and Monte

Carlo simulations [2–4] being applied more readily
to solve numerous adsorption problems in carbon
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materials. As a result of these studies, it is increasingly

recognized that the pore size distribution [5–13] and

the surface topology (including chemistry) [14] all affect

the adsorption equilibria. Among these two factors, the

pore size distribution is the prime factor when dealing

with non-polar adsorbates or weakly polar adsorbates.
Attempts to characterize a pore size distribution have

been made by many workers in this field, mostly by

using the measured adsorption isotherm and solving

the integral equation of which the pore size distribution

function is the kernel [15]. Such a derivation of pore size

distribution depends on the appropriate choice of local

isotherms which appear as the integrand of the above

mentioned integral equation. In this paper, we will ad-
dress this problem from the opposite direction, that is

we model the process of char physical activation with

either steam or carbon dioxide in an attempt to derive

information on the evolution of geometrical surface

area, pore volume and pore size distribution.

There are several models that have been developed in

the literature to predict the porosity evolution of react-

ing solid. The modeling by treating the diffusion and
reaction in a single cylindrical capillary and also in a

random assembly of capillaries of the same radius was

investigated by Petersen [16]. Szekely and Evans [17]

used two structural models, pore model and grain model

to explore the gas–solid reactions. Another approach

employing population balance equations to describe

the change in the pore structure during gasification pro-

cess was proposed by Hashimoto and Silveston [18].
Gavalas [19] used a random capillary model to model

char gasification. A random pore model for interpreting

of fluid–solid reaction was developed by Bhatia and

Perlmutter [20]. The discrete model was also used to

illustrate the evolution of pore structure (Sandmann

and Zygourakis [21]).

These models are mostly focused on the macroscopic

properties of the solid. Such a picture does not properly
describe the microscopic structure of char and the acti-

vated carbon product. It is the objective of this paper

to develop a structural model that properly does so. In

this proposed model, we simply assume that char is com-

posed of bundles of graphite-like layers and the porosity

is created via the consumption of carbon by the gasifica-

tion reaction. The model results are validated with the

experimental data of longan seed-derived char gasifica-
tion by carbon dioxide. The longan seed, a potential pre-

cursor for activated carbon production, is an abundant

solid waste produced from the fruit cannery.
2. Model description

It is well known that char produced from the carbon-
ization process consists of amorphous carbon and

graphitic crystallites [22,23]. The amorphous part is
gasified during the initial stage of activation (burn-off

<10%), giving rise to some pore creation by the opening

of the original blocked pores. The next stage involves

the gasification of graphite-like crystallites, which fur-

ther creates new pores and widens existing pores. Since

the gasification of amorphous carbon is too complex
to model due to its highly disorganized structure, the

model of char gasification proposed in this work will

be limited to the gasification of the graphite-like crystal-

lites. The contribution of pore creation by the amor-

phous carbon during the initial part of activation, as

compared to that at higher burn-offs, is considered to

be relatively small and this contribution can be incorpo-

rated into the crystallite model without appreciable
error.

The carbon char is assumed to consist of bundles of

graphite-like crystallites. Each of these crystallites con-

tains equal-sized layers of carbon atoms, but each of

these layers possesses different reactivity towards the

gasifying agent as it is logical to expect physically that

those layers are not energetically homogeneous with re-

spect to chemical reaction. We use the random generator
in MATLAB to generate randomly a number between

zero and one to represent a reactivity for each of those

layers or a group of layers. Such an assignment of ran-

dom reactivity is consistent with the expectation of ran-

domness in a realistic char particle. In our model, each

crystallite contains fifteen carbon layers in accord with

the experimental finding of Flanklin [24], and to ensure

a good statistical averaging we use one hundred crystal-
lites in the model system. A schematic diagram of one

crystallite is shown in Fig. 1a.

The extent of gasification reaction for each carbon

layer follows the reaction equation,

Lt ¼ Li � ða� tÞ; ð1Þ

where Lt is the length of carbon layer at a theoretical
time t, Li is the initial length of carbon layer, and a is

the carbon layer reactivity, with the reaction progressing

along the carbon plane in a lengthwise direction. In this

model, the theoretical time is defined as an incremental

integer starting from zero. The simulation is performed

at each value of theoretical time to arrive at a certain

value of burn-off along with the evaluated porous prop-

erties of the carbon, as follows. First, a reactivity num-
ber is randomly assigned to the carbon layer in each

crystallite as a ‘‘layer group’’. The layer group desig-

nated as ‘‘1�n’’ group means that up to ‘‘n’’ adjacent

layers of carbon are grouped together and all layers

in that group have the same reactivity. For example,

‘‘1–1’’ group indicates that every carbon layer in a crys-

tallite will have its own reactivity, ‘‘1–2’’ group means

that some layers can have their own reactivity or two
adjacent layers have the same reactivity, etc. The appli-

cation of a layer group concept adds flexibility in con-

trolling the micropore size distribution generated in



(a) A crystallite before activation (b) A crystallite after activation 

Fig. 1. Schematic diagram of a graphitic crystallite.
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the early stage of the gasification reaction. In this work,

two types of layer group, 1–2 and 1–5 group, are se-

lected for the simulation scheme. This would give the

largest created pore width of 10 and 20 Å (based on

an interlayer spacing of 3.35 Å of graphite), which con-

stitute the micropore size range. Table 1 shows typical

reactivity values for crystallite number 1–5 and number

96–100, showing layer groups of 1–2 and 1–5, respec-
tively. To obtain good simulation results, it is also nec-

essary to assign a zero reactivity to some of the

crystallites to model the diffusional resistance inside

the char in the early stage of gasification where the de-

gree of burn-off is still low. Obviously, the number of

these zero-reactivity crystallites decreases as the extent

of reaction increases. For burn-off higher than 30%,

the non-reactive crystallites are reassigned with reactiv-
ity numbers, and this situation represents kinetic-

controlled gasification. The number of non-reactive

crystallites used in the calculation and their relative

importance up to 30% burn-off are arbitrarily selected

and adjusted so that a good agreement between the
Table 1

Typical generated reactivities of carbon layers of some graphitic crystallites

Layer number Crystallite number

1 2 3 4 5

1 0.034 0.704 0.333 0.092 0.

2 0.100 0.704 0.333 0.092 0.

3 0.528 0.149 0.117 0.393 0.

4 0.356 0.149 0.117 0.393 0.

5 0.823 0.718 0.138 0.035 0.

6 0.240 0.718 0.138 0.035 0.

7 0.979 0.130 0.420 0.458 0.

8 0.797 0.130 0.420 0.458 0.

9 0.828 0.680 0.917 0.930 0.

10 0.560 0.680 0.917 0.930 0.

11 0.369 0.779 0.784 0.071 0.

12 0.853 0.779 0.784 0.071 0.

13 0.229 0.764 0.486 0.724 0.

14 0.119 0.764 0.486 0.724 0.

15 0.965 0.231 0.513 0.980 0.
experimental and computed porous properties of the

char is obtained.

Next, from the theoretical time and the assigned reac-

tivities, the linear length (Lt) of each carbon layer is cal-

culated via Eq. (1). Using the interlayer spacing of

3.35 Å for graphite-like layers, the initial volume (V0)

and the volume of char at a theoretical time t (V) are cal-

culated. The percentage burn-off of char is then calcu-
lated from the relation,

%burn-off ¼ ½ðV 0 � V Þ=V 0� � 100 ð2Þ

The pore size and pore volume are estimated from the

layer width and the void volume bound by two adjacent

layers, respectively. The surface area for each pore size is
then calculated from the area of the two opposite carbon

planes. Pore volume distribution is readily obtained

from the knowledge of pore volumes of different pore

sizes. Fig. 1b illustrates the typical porous structure of

the crystallite containing a number of slit pores at a

given burn-off. The computation is repeated for larger

values of theoretical time to give different degrees of
96 97 98 99 100

967 0.937 0.772 0.126 0.499 0.926

654 0.012 0.772 0.126 0.499 0.926

111 0.694 0.772 0.126 0.499 0.926

657 0.795 0.772 0.126 0.755 0.926

386 0.339 0.772 0.228 0.755 0.926

004 0.956 0.024 0.228 0.755 0.137

685 0.346 0.024 0.228 0.526 0.137

855 0.532 0.024 0.228 0.526 0.137

396 0.184 0.024 0.117 0.526 0.137

317 0.640 0.024 0.117 0.332 0.137

198 0.855 0.385 0.117 0.332 0.218

756 0.199 0.385 0.117 0.332 0.218

162 0.434 0.385 0.907 0.750 0.218

136 0.435 0.385 0.907 0.750 0.218

131 0.272 0.385 0.907 0.750 0.218
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burn-off and the corresponding porous properties of the

gasified char. It should be noted that the application of

the model to obtain a good fit between simulated and

experimental results is based largely on the sensible

selection of layer group pattern and the number of

non-reactive carbon layers as previously described.
The sum of square of relative error was used to evaluate

the degree of fitting between the model results and the

experimental data.
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3. Experimental

3.1. Preparation of char

The fresh longan seed was washed in clean water and

dried in the oven at 110 �C for 24 h. The pre-dried lon-

gan seed was crushed and sieved to obtain an average

particle size of 2.1 mm and used as a precursor to pro-

duce char. Proximate analysis of longan seed is shown

in Table 2. The fixed carbon content of this seed is

19.6% with relatively low ash content and high volatile
content. The fixed carbon is comparable with the other

carbonaceous materials such as apricot stone, almond

shell, grape seed and oil palm stone, as reported in the

literature [25,26]. The precursor was carbonized in a

horizontal tube furnace (Carbolite, UK) under the nitro-

gen atmosphere with a flow rate of 100 ccmin�1. Car-

bonizing temperature was increased from room

temperature to 650 �C at a heating rate of 5 �Cmin�1

and then held at this temperature for 2 h. The proximate

analysis of the resultant char is also shown in Table 2.

The fixed carbon content was increased to 86.1% due

to the removal of volatiles and tars from the seed.

3.2. Gasification of char and activated carbon

characterization

The char was gasified in a horizontal tube furnace

using carbon dioxide (Linde Gas, 99.95%) as a gasifying

agent. The range of activation temperature was 750–

900 �C and the holding time was between 30–180 min,

giving burn-off up to 90%. The porous properties of

the derived activated carbons were measured by nitro-

gen adsorption at 77 K using an Accelerated Surface

Area and Porosimetry Analyzer (ASAP2010, Micromer-
itics, USA).
Table 2

Proximate analyses of longan seed and char

Sample Proximate analysis (dry basis), wt%

Fixed carbon Volatile matter Ash

Longan seed 19.6 78.7 1.7

Longan seed-derived char 86.1 9.4 4.5
4. Results and discussions

The nitrogen adsorption isotherms of some activated

carbons obtained at different burn-off are shown in

Fig. 2. Nitrogen adsorption capacity increases with an

increasing in the burn-off extent and then it decreases
at the highest burn-off of 90.1%. The isotherms show

type I at low burn-off and change to type IV isotherm

at burn-offs higher than 46%. The size of the hysteresis

loop appears to increase with increasing in burn-off,

indicating an increased proportion of mesopore volume.

The porous properties of activated carbons prepared at

different burn-off are summarized in Table 3. The values

of BET surface area, total pore volume and the micro-
pore volume, increase with increasing in burn-off in

the range from 10% to 70%, beyond which they decrease

with higher burn-off. These activated carbons are dom-

inated with microporosity which is shown by the high

percentage of micropore volume of greater than 70%.

The structural model proposed in this paper is tested

against the experimental gasification data of the longan

seed-derived char. The BET surface area and total pore
volume are used as the criteria to validate the model. As

the model is constructed to describe only the gasification

process, the physical properties of raw char will provide

the initial conditions for the model. These initial para-

meters are surface area and total pore volume of

char, and their values are 300 m2g�1 and 0.14 ccg�1,

respectively.

From the characteristic of this structural model, the
porosity is evolved due to the partial consumption of

carbon layers, and the space between layers will consti-

tute a pore, from which we can readily determine its

pore volume and geometrical surface area. Since we as-

sign only 15 layers initially in each graphitic crystallite,

the largest possible pore width is 46.9 Å, in which we
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Fig. 2. Experimental nitrogen adsorption isotherms at 77 K for some

activated carbons prepared at different char burn-offs.



Table 3

Experimental porous properties of longan seed based-activated carbon prepared at different char burn-offs

%Burn-off BET surface area

(m2g�1)

Total pore volume

(ccg�1)

Micropore volume

(ccg�1)

Meso- and macropore

volume (ccg�1)

%Micropore volume

10.4 443 0.21 0.21 0.00 100

14.0 451 0.22 0.21 0.01 95

15.9 521 0.26 0.24 0.02 92

18.7 538 0.27 0.25 0.02 92

25.7 631 0.33 0.29 0.04 87

25.8 705 0.37 0.32 0.05 86

32.8 766 0.42 0.35 0.07 83

35.6 813 0.45 0.38 0.07 84

46.0 975 0.58 0.45 0.13 77

48.9 1035 0.62 0.49 0.13 79

59.8 1204 0.76 0.56 0.20 73

70.7 1278 0.81 0.60 0.21 74

90.1 1108 0.73 0.52 0.21 71
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have assumed that the interlayer spacing between the

two adjacent graphite layers is 3.35 Å. Thus, our model

is restricted only to the description of micropores and

lower end of the mesopore range. To facilitate the dis-
cussion later we shall define fine pores are those having

widths smaller than 10 Å, large pores for widths greater

than 20 Å and medium pores are those in between.

The evolution of surface area and total pore volume

versus the extent of the gasification obtained from our

structural model is shown in Fig. 3 as solid lines with

unfilled symbols. Experimental data are also shown in

the same figure as solid symbols. The description of
the surface area is regarded as excellent while that of

pore volume is reasonably adequate despite the simplic-

ity of our structural model. The model correctly de-

scribes the trend of the evolution of surface area and

pore volume, in the sense that they both increase with

burn-off and then decrease once a threshold burn-off

has been reached. The agreement between the simu-

lated pore volume and the data is good up to 25%
burn-off, beyond which the model underpredicts the
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Fig. 3. Surface area and total pore volume
data. Furthermore, the maximum in the pore volume

observed experimentally occurs at about 70% burn-

off, while the model predicts a value of 85%. Neverthe-

less, the maximum value of the pore volume obtained
by the model, 0.86 ccg�1, agrees fairly well with the

experimental data of 0.81 ccg�1. Given the fact that

the surface area is well described by the model and

the pore volume only reasonably described, we can

postulate that the spacing between the two initial adja-

cent graphite-like layers should be greater than 3.35 Å.

This is a possible reason why there is an underestima-

tion of the total pore volume while the surface area
is excellently described. This argument is physically

justified as the interlayer spacing of 3.35 Å is for per-

fect parallel graphite layers. For graphene layers in

activated carbon, which are known to be turbostratic,

the spacing between two layers would be expected to

be greater than 3.35 Å. As the burn-off is greater than

90%, the pore volume predicted by the model is higher

than the experimental data and this is most likely due
to the possible fact that the solid is disintegrated at this
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Fig. 5. The pore size distribution of simulated data at different degrees

of char burn-offs.
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high burn-off and as a result the actual pore volume is

lower than that predicted by the model.

To check the effect of interlayer spacing, the simula-

tion was also performed with two interlayer spacings

of 3.70 and 4.50 Å. The first value is the one suggested

by Franklin [27] for the interlayer spacing of a non-
graphitizing carbon. Since the gasification was simulated

with the same set of reactivities, the change would occur

only for the pore volume but not with the surface area

evolution. Fig. 4 shows the simulated total pore volume

and micropore volume for different interlayer spacings,

as compared with the experimental data. The increasing

of interlayer spacing shifts the pore volume curve up-

ward closer to the experimental points. From the results,
the interlayer spacing of 4.5 Å provides excellent agree-

ment up to 60% burn-off for the total pore volume and

very good agreement for the micropore volume over the

entire range of burn-off. Therefore, it could be inferred

from the simulation that the interlayer spacing of the

graphitic crystallite of longan seed derived char should

probably have a value of 4.50 Å.

Apart from the surface area and the pore volume that
can be obtained from the model, information about the

pore size distribution of the gasified carbon can also be

derived. This is shown in Fig. 5 for a number of burn-off

and this pore evolution data are also presented as pore

volume for each pore size range (Table 4). The results

show a deeper insight on how pores are generated and

their pore sizes are evolved with the degree of burn-

off. There are three stages of pore development that
can be observed in Fig. 5. The first stage is for burn-

off less than 5%, the second stage is for burn-off between

5% to 60% and finally the third stage for burn-off higher

than 60%. During the first stage, only fine pores were

evolved (creation stage), and the volume of these pores

increases with burn-off as reflected in Fig. 5 in that the

volume increases while the pore width remains constant.

These fine pores result from the increase in the number
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Fig. 4. Total pore and micropore volumes of experimental
of these pores as well as the increase in the length of the
existing fine pores. In the second stage, fine pores are

still continually created, and there is the onset of the

medium pores. The main mechanism in this period is

the increase in the length of each pore, which is due to

the consumption of carbon layers, resulting in larger

volume and surface area but the pore size remains fairly

constant. In the last stage, the volume of fine pores de-

creases but the medium and large pores continue to
evolve at the expense of fine pores. In this stage, two

processes are possible. The first one is the coalescence

of smaller pores to form larger pores and the collapse

of pores due to the complete removal of the pore

walls of some pores. The coalescence occurs in the early

period of the third stage, and mechanistically this hap-

pens when one or two layers separating the two adjacent

pores are completely consumed, resulting in the coales-
cence of these two pores into a larger one. Associated
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Table 4

Model-generated pore evolution data

%Burn-off Total pore volume (ccg�1) Fine and medium pores (6.7–20 Å)

volume (ccg�1)

Large pores (20–46.9 Å)

2.5 0.175 0.173 0.002

5.0 0.182 0.179 0.003

15.7 0.22 0.21 0.01

24.6 0.33 0.31 0.02

33.7 0.36 0.33 0.03

47.2 0.46 0.41 0.05

61.0 0.60 0.51 0.09

69.5 0.70 0.56 0.14

90.1 0.84 0.44 0.40
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with this phenomenon is the loss of surface area but the

volume and porosity increase. The collapse of pores oc-

curs at the end of the third stage, and as a result pore

volume, and surface area decrease with burn-off as seen

experimentally in Fig. 3 for burn-off greater than 80%.

These results are in line with the results found by Dub-

inin and Zaverina [28], from which it was reported that

at burn-off less than 50% the porous structure of acti-
vated carbon is highly microporous, at burn-off lying be-

tween 50% and 75% the product carbon contains all

types of pores, micro, meso and macropores, and at

burn-off higher than 75% the porous structure is domi-

nated with macropores.

The DFT and simulated pore size distributions (PSD)

of gasified carbon at two levels of char burn-offs are

compared as shown in Fig. 6. The DFT-derived PSD re-
sults were calculated from nitrogen adsorption isotherm

data using the standard DFT (Density Functional The-

ory) method supplied by Micromeritics as DFT Plus

software (solid lines). There are two distinct peaks for

the experimental PSD at pore width of 7 and 11 Å,

respectively. The simulated PSD show a broader distri-

bution into a smaller size range and give the second peak

only at higher burn-off of 90.1%. One possible reason
for this is that smaller pores could not be probed by
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Fig. 6. Comparison of experimental and computed pore size distri
nitrogen adsorption because these pores are either too

small for nitrogen molecules to enter or the diffusional

resistances at 77 K are too great to be probed within rea-

sonable equilibration time. As shown in Fig. 6, the max-

imum value of pore volume distribution occurs at about

5 and 7 Å for the simulated and experimental PSD,

respectively, with the former giving the value about four

times less than the latter. However, the experimental and
simulated total pore volume compare fairly well, respec-

tively, 0.59 versus 0.46 ccg�1 (47.2% burn-off) and 0.73

versus 0.84 ccg�1 (90.1% burn-off). Generally speaking,

pore size distributions derived from the two techniques

are within the same size range, although the simulation

results give smaller average pore size as compared to the

experimental estimation.
5. Conclusions

The results presented in this paper show that the

developed structural model for carbon activation offers

the significant advantage to explore the extent of gasifi-

cation of char. The valuable information of surface area,

total pore volume and pore size distribution are directly
obtained from this model. The model results are tested
Pore width, Å
1 10 100

Po
re

vo
lu

m
e

di
st

ri
bu

ti
on

,c
c

g-1
Å-1

0.00

0.05

0.10

0.15

0.20

0.25

90.1 %Burn-off

Experimental 

Computed

butions of activated carbon at two degrees of char burn-offs.



S. Junpirom et al. / Carbon 43 (2005) 1936–1943 1943
against the experimental data of longan fruit seed char

gasification with carbon dioxide, and it was found that

the description of surface area is regarded as excellent

while that of pore volume is adequate. The mechanism

for pore evolution during gasification process is pro-

posed as a three-stage development, in which pore crea-
tion, pore coalescence and pore collapse contribute to

different extent in each of those three stages. From this

model results, it is also found that the optimum inter-

layer spacing of adjacent layer in a carbon crystallite

of a carbon char derived from longan seed should prob-

ably be 4.5 Å.
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