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Abstract Eucalyptus sawdust was used as a precursor to

prepare activated carbon using NaOH as a chemical acti-

vation agent. The effect of preparation conditions on the

characteristics of the produced activated carbon used as an

adsorbent was investigated. The performance of the acti-

vated carbon was characterized by N2 adsorption–desorp-

tion isotherms, Brunauer–Emmett–Teller equation, Barett–

Joyner–Halenda equation, scanning electron microscopy

and Fourier transform infrared analysis. When the euca-

lyptus sawdust mass was 30.00 g, with particle sizes

between 0.25 and 0.42 mm, and the sawdust was heated

and charred before activation by NaOH, the optimized

conditions for the preparation of activated carbon was

found to be as follows: mass ratio of NaOH to eucalyptus

sawdust, 1:2; activation time, 30 min; and activation tem-

perature, 700 �C. The Iodine number and BET surface

area of the produced activated carbon was 899 and

1.12 9 103 m2 g-1, respectively, with a 13.3 % yield.

Activated carbon exhibits adsorption isotherms of type IV.

The total pore volume, micropore volume and average pore

diameter were recorded as 0.636, 0.160 cm3 g-1 and

2.27 nm, respectively. The pore structure of the activated

carbon is mainly mesoporous. Carbonyl and hydroxyl

groups may also exist on the activated carbon surface.
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1 Introduction

Activated carbon (AC) is a reproducible and multi-porous

adsorbent. It is a carbon-containing substance with devel-

oped pore structure, high specific surface area and good

adsorption capacity [1]. It also has adsorption, catalysis,

thermo-stability and low acid/base reactivity characteristics

[2]. Activated carbon is applied in almost all fields [3], and

is particularly useful in dealing with pollutants because of

its high specific surface area, affluent inner pores and well-

developed micropore structure [2–4].

Wood production has significantly increased in China

over the last decade. Most of the new wood plantations

consist of eucalyptus. Wood processing and appropriate

maintenance of forests generates a considerable volume of

woody residues, which are partly used as fuel. However,

the development of alternative uses for this waste product

is important for the Chinese economy. One potential

application of wood waste is as a raw material for charcoal

and activated carbon production. Charcoal is produced by

pyrolysis and has a market as a clean domestic fuel.

Activated carbon requires further activation to prepare the

solid product resulting from charring. This can be accom-

plished by chemical activation or partial gasification acti-

vation, also called physical activation. Physical activation

is a two-step process [5]. The material is carbonized under

inert atmosphere and then activated at high temperatures

using steam, carbon dioxide or air as the activation reagent
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to produce more porous structures [6]. Chemical activation

held in the presence of dehydrating reagents such as KOH

[7], K2CO3 [8], NaOH [9], ZnCl2 [10], H3PO4 [11] and

K2HPO4 [12], influences the pyrolytic decomposition and

inhibits tar formation [13]. These reagents can improve the

pore distribution and increase the specific surface area of

the carbon-containing adsorbents [14]. The cellulose and

lignin content in eucalyptus wood is high, making it a good

raw material to produce activated carbon. Activated carbon

has previously been prepared from eucalyptus wood chars

and activated by CO2, CO2-O2 and steam [15]. To inves-

tigate the feasibility of preparing activated carbon from

eucalyptus residues by chemical activation, we studied the

activation process using NaOH, KOH, ZnCl2 and H3PO4.

In this paper, we report the technology for preparing acti-

vated carbon from eucalyptus sawdust activated by NaOH via

orthogonal experiments. The pore structure parameters of the

AC prepared under optimized conditions are determined.

2 Experimental

2.1 Materials, Reagent and Instruments Employed

The Guangxi Gaofeng Farm, China, provided the raw

material, Eucalyptus grandis sawdust, with particles of

0.25–0.42 mm selected by sieving. Using the standards

described for the proximate analysis of solid biofuels GB/T

28731–2012 (China), a proximate analysis of the eucalyptus

sawdust was recorded. These results (wt%) indicate that the

eucalyptus sawdust is appropriate for use as an industrial

raw material, with moisture, ash, volatile matter and fixed

carbon contents of 6.88, 0.67, 83.25, and 9.20, respectively.

Sodium hydroxide was used as an activation agent.

Aqueous hydrochloric acid (37 %), Iodine, potassium

iodide, sodium thiosulfate and the other analytical reagents

were used as purchased from the Shanghai Sinopharm

Chemical Reagent Company Ltd (Shanghai, China). All

chemicals were of analytical grade and made in the Spark

Chemical Plant, Pudong New Area, Shanghai.

SX2-4-10 intellective and hyperthermal electric furnace

(Shanghai Jia Zhan Instrumentation Equipment Co. Lit,.

China), S-3400 scanning electron microscope (S-3400,

Japanese Hitachi Corp.), Micromeritics TriStar-3020

adsorption–desorption instrument (American Micromeritics

Corp.) and Nicolet 6700 Fourier transform infrared spectrom-

eter (American Nicolet Corp.) were used for the analysis of AC.

2.2 Orthogonal Test Methodology for Optimizing AC

Preparation Conditions

From preliminary experimental investigations using NaOH

as an activation agent to prepare AC, the weight ratio of

NaOH to eucalyptus sawdust, activation time and activa-

tion temperature have been noted as the most influential

operational parameters [16, 17]. To optimize the pre-

parative conditions, an orthogonal test methodology was

used [18, 19]. An L9 (34) orthogonal array with four

operational parameters was used to evaluate corresponding

optimal values. These parameters, their range and levels

are summarized in Table 1. The complete design matrix of

the experiments and the results obtained are shown in

Table 2.

2.3 Preparation of Activated Carbon

Eucalyptus sawdust (30.00 g) with particle size between

0.25 and 0.42 mm was placed in a high temperature tol-

erant ceramic crucible. The material was heated and car-

bonized in an electric furnace. The char produced from the

carbonization process was ground and mixed with varying

amounts of sodium hydroxide pellets (60.00, 90.00,

120.00 g) in a ceramic crucible with a lid, then heated in a

furnace pre-heated to a specified temperature (700, 800,

900 �C) and maintained at this temperature for the speci-

fied time (30, 50, 70 min). After cooling, the resulting

mixture was washed with hot distilled water, a solution of

hydrochloric acid (0.10 mol L-1) and hot distilled water to

Table 1 Design factors and levels for AC preparation

Parameters (independent variable) Symbol Range and levels

1 2 3

NaOH:eucalyptus wood (mass ratio) A 2:1 3:1 4:1

Activation time (min) B 30 50 70

Activation temperature (�C) C 700 800 900

Table 2 Results of L9 (34) orthogonal array of designed experiments

for the preparation of activated carbon

No. A B C Y1

(%)

Y2

(910-2 mg g-1)

Y3

(910-2 m2 g-1)

1 2:1 30 700 13.3 8.99 11.2

2 2:1 50 800 11.4 5.74 5.81

3 2:1 70 900 9.0 5.50 3.71

4 3:1 30 800 10.5 5.51 5.42

5 3:1 50 900 11.4 5.00 4.39

6 3:1 70 700 13.0 2.87 2.68

7 4:1 30 900 12.4 2.89 3.60

8 4:1 50 700 12.0 3.41 4.13

9 4:1 70 800 10.9 5.15 4.51

A mass ratio of activation agent to eucalyptus sawdust, B activation

time (min), C activation temperature (�C), Y1 the yield of activated

carbon (%), Y2 iodine number (iodine adsorption capacity of activated

carbon) (mg g-1), Y3 BET surface area of activated carbon (m2 g-1)
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pH *7.0. The activated carbon was separated using a fil-

tering method, dried at 110 �C for 24 h and stored in

tightly closed bottles until further analysis.

2.4 Characterization of Prepared Activated Carbon

The Iodine number was determined by GB/T12496.8-1999

(China). The yield (Y) of the prepared activated carbon was

estimated from the following equation:

Y %ð Þ ¼ Mc=M0 � 100

where Mc is the weight of the activated carbon and M0 is

the weight of the dried eucalyptus sawdust.

The specific surface area and pore structure of the

activated carbon samples were obtained by nitrogen

adsorption–desorption isotherm determined at 77.35 K.

Prior to testing, the activated carbon was degassed for 2 h

at 250 �C under vacuum. The specific surface area, SBET,

was determined from the isotherms using the Brunauer–

Emmett–Teller (BET) equation at a relative pressure of

P/P0 = 0.05 - 0.35. The total pore (less than 284.8 nm in

diameter) volume (V), was defined as the volume of liquid

nitrogen adsorbed at a relative pressure of P/P0 = 0.993.

The micropore volume (Vmicro), the micropore area (Smicro),

and the external surface area (Sexter) were determined by

the t-plot model equation. The pore size and adsorption

average pore width was calculated using the ratio of

4 V/SBET; and, a pore size distribution between 1.70 and

3.00 9 102 nm in diameter was determined using the

Barett, Joyner and Halenda (BJH) model equation. Micropores

of less than 1.7 nm in diameter were not determined in this

study.

Table 3 Analysis of the experimental results of the L9 (34) orthogonal array of prepared activated carbon

Levels Yield (%) Iodine number (910-2 mg g-1) BET surface area (910-2 m2 g-1)

A B C A B C A B C

k1 11.2 12.1 12.8 6.74 5.80 5.09 6.91 6.74 6.00

k2 11.6 11.6 10.9 4.46 4.72 5.47 4.16 4.78 5.25

k3 11.7 11.0 10.9 3.82 4.51 4.46 4.08 3.63 3.90

R 0.5 1.1 1.8 2.93 1.29 1.00 2.83 3.11 2.10

Fig. 1 Adsorption–desorption isotherms of N2 at -196 �C on the AC prepared under the optimized conditions

Table 4 Pore structure parameters of activated carbon prepared under optimal conditions

SBET (m2 g-1) V (cm3 g-1) Vmicro (cm3 g-1) Microporosity (%) Wd (nm) Smicro (m2 g-1) Sexter (m2 g-1)

1.12 9 103 0.636 0.160 25.2 2.27 486 634

J Inorg Organomet Polym (2013) 23:1201–1209 1203

123



1204 J Inorg Organomet Polym (2013) 23:1201–1209

123



The morphology of the AC was examined by scanning

electron microscopy (SEM) (Japan’s Hitachi S-3400).

The functional groups on the surface of the activated

carbon samples were identified by Fourier transform

infrared (FTIR) spectroscopy. OMNIC software was used

for data analysis.

3 Results and Discussion

3.1 Orthogonal Test Results

The results of L9 (34) orthogonal array of designed

experiments for the preparation of activated carbon and the

yield, Iodine number and BET surface area of each pre-

pared activated carbon sample are shown in Table 2.

Analysis of the experimental results is shown in Table 3.

Iodine is considered as a molecular probe to assess the

adsorption capacity of sorbents for solutes of molecular

size less than 1 nm. Iodine number and BET surface area

are normally listed as specification parameters for com-

mercial ACs. Therefore, the AC yield (Y1, %), Iodine

number (Y2, mg g-1) and BET surface area (Y3, m2 g-1)

were determined. The kn value is the average response

value of the operational parameter at the level number n,

with the optimum level value when kn is a maximum. R is

defined as the remainder of maximum subtract minimum of

the same operational parameter kn value. The magnitude of

R reflects the influence of each factor on the corresponding

response. The larger the R-value of a corresponding factor,

the more significant the influence of that corresponding

factor. From Table 3, there are significant differences in

the yield, Iodine number and BET surface area of the

activated carbons prepared under different conditions, with

different factors having different influences on the prepared

activated carbons. In this experiment, we designed nine

tests. The Iodine number of the prepared activated carbon

in five of the tests exceeded 500 mg g-1, and a maximum

Iodine number of 899 mg g-1 was achieved, while the

yield was 13.3 % and BET surface area was

1.12 9 103 m2 g-1. The influence of each factor has the

Fig. 2 continued

Fig. 2 BJH pore size distribution of the AC prepared under the

optimized conditions. a Cumulative pore volume curve, b incremental

pore volumecurve, c pore size distribution curve

b
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followings order: Iodine number A1 [ B1 [ C2, BET sur-

face area: B1 [ A1 [ C1, yield: C1 [ B1 [ A3. When

optimizing these factors, the AC yield should also be taken

into account, as production efficiency must be considered.

With the experimental conditions described in Sect. 2.3,

A1B1C1 were determined as the optimal conditions for

preparing activated carbon. The optimal weight ratio of

NaOH to eucalyptus sawdust is 2:1, activation time is

30 min and activation temperature is 700 �C. Under opti-

mized production conditions, the Iodine number of the

prepared activated carbon is 899 mg g-1, the BET surface

area reaches 1.12 9 103 m2 g-1, and the yield of the AC is

13.3 %.

3.2 Pore Structure of the AC Prepared Under Optimal

Conditions

The structural heterogeneity of AC plays an important role

in the adsorption process, and numerous methods have

been developed and applied to characterize this property.

In this study, nitrogen adsorption–desorption isotherm and

SEM methods were used to characterize the pore structure.

FTIR techniques were also used to qualitatively charac-

terize the functional groups on the optimized AC surfaces.

3.2.1 Nitrogen Adsorption–Desorption Isotherms

Nitrogen adsorption, because of the relatively small

molecular diameter of nitrogen, is frequently used at

-196 �C to probe porosity and surface area. It has

become a standard procedure used to characterize

porosity texture of carbonaceous adsorbents. The

adsorption isotherm gives useful information about the

porous structure of the adsorbent, heat of adsorption, and

physical and chemical characteristics. Adsorption iso-

therms may be grouped into six types. Figure 1 illustrates

the optimally prepared AC adsorption–desorption iso-

therms of N2 at -196 �C. The AC exhibits type IV

adsorption isotherms according to the International Union

of Pure and Applied Chemistry (IUPAC) classification

[20]. The step in the adsorption branch combined with the

decline in the desorption branch is an indication of

mesoporosity. This noticeable increase in the quantity

adsorbed in the desorption branch can be attributed to

capillary condensation and, since the P/P0 position of the

inflection point is related to the pore size, indicates good

homogeneity of the sample and a fairly small pore size.

The type IV isotherm is characteristic of solids having

both microporous and mesoporous structures [20]. The

initial part of the type IV isotherm follows the same path

as the corresponding type II isotherm [21]. The initial part

of the type II isotherm for carbon represents micropore

fillings; and, the slope of the plateau at high relative

pressures is attributed to the multilayer adsorption on the

non-microporous surface; i.e., on the mesoporous, mac-

roporous or on the external surfaces [22]. Thereafter, the

isotherm of the AC prepared under optimal conditions

can be mainly attributed to a monolayer–multilayer

adsorption on the mesoporous walls [21].

3.2.2 Characterization of Pore Structure

The results for BET surface area (SBET), micropore area

(Smicro), external surface area (Sexter), single point adsorp-

tion total pore volume (V) of pores less than 284.8 nm in

diameter at P/P0 = 0.993, micropore volume (Vmicro) and

adsorption average pore width (Wd) (4 V/SBET) obtained by

applying the BET equation to N2 adsorption at -196 �C

are listed in Table 4.

Pore size distribution (PSD) is an important property for

porous adsorbents. PSD determines the fraction of the total

pore volume accessible to molecules of a given size and

shape. According to IUPAC pore dimension classifications,

the pores of a porous absorbent can be grouped into

micropores (d \ 2 nm), mesopores (d = 2 - 50 nm) and

macropores (d [ 50 nm). The average adsorption pore

width (4 V/SBET) of the AC prepared under optimal con-

ditions was found to be 2.27 nm. The BJH adsorption and

desorption cumulative surface areas (SBJH) of pores

between 1.70 and 3.00 9 102 nm in diameter were found

to be 329 and 178 m2 g-1, respectively. The BJH adsorp-

tion and desorption cumulative volumes (VBJH) of pores

between 1.70 and 3.00 9 102 nm in diameter were found

to be 0.289 and 0.196 cm3 g-1, respectively. The BJH

adsorption and desorption average pore diameter (4VBJH/

SBJH) of the AC samples were found to be 3.51 and

4.51 nm, respectively, indicating mesoporous absorbents.

The pore size distribution calculated using the standard

BJH method [23] is displayed in Fig. 2. The cumulative

volume distribution (a) and the incremental volume dis-

tribution (b) show that a major part of the AC pore volume

is distributed in pores with an average diameter of

2–100 nm; (c) shows that the AC is characterized by a

single peak and has many wider mesopores (average pore

diameter [10 nm). There are differences in all the results

obtained from absorption and desorption data. In general,

Fig. 2 shows that most of the AC pores are in the meso-

porous range. The simultaneous presence of a microporous

structure is indicated in Table 4. However, analysis of the

total pore volume compare with the micropore volume

shows a smaller contribution from the micropores (micro-

porosity, 25.2 %). Thus, the prepared AC can be said to

have both microporous and mesoporous structures; but, it is

mainly mesoporous.
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3.2.3 Surface Morphology

SEM was employed to observe the surface physical mor-

phology of the AC. The SEM micrographs of the AC

prepared under optimal conditions is shown in Fig. 3. The

SEM images (a–c) (Fig. 3) show the development of cap-

illary-like pore structures on the AC surface. Images (d–f)

shows the external surfaces of the AC being full of irreg-

ular cavities as a result of activation. Those pores may be a

result of the evaporation of the activation agent NaOH,

decomposition of the eucalyptus sawdust, a chemical

reaction between the carbonide and activation agent NaOH

during activation, or the space previously occupied by the

activation agent. From Fig. 3, there appears to be some

particulate matter on the external surface of the activated

carbon, which may be related to the activation agent. As

mentioned above, the prepared AC mainly consists of

mesopores; however, it also contains some micropores. It is

clear that the prepared AC contains a redundant pore

structure that is further supported by SEM.

3.3 FTIR Analysis of the AC Prepared Under Optimal

Conditions

The FTIR spectra of the AC prepared under optimal condi-

tions is shown in Fig. 4. It is noted that the absorption band at

3,431 cm-1 is due to the O–H stretching vibration. The

emergence of the hydroxyl group may also indicate a certain

relationship in water [24]. The band at 2,918 cm-1 is attributed

to C–H (–CH2, –CH3, –CH=O) stretching vibrations [25].

The band at 1,639 cm-1 is attributed to the C=O stretching

vibration and corresponds to carbonyl and carboxyl groups

[26]. The band at 1,439 cm-1 is assigned to the scissoring

vibration of the (–CH2) group, which may overlap with the

methyl group asymmetrical bending. It may also be attrib-

uted either to the in-plane bending of the H-bonded hydroxyl

Fig. 3 SEM images of the AC

prepared under the optimized

conditions (a–f)
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group, an O–H deformation vibration in carboxyl groups or a

C–H bending vibration [25, 26]. The band at 1,007 cm-1 is

associated with the aromatic C–H in-plane deformation, with

symmetrical C–O stretching or C–O–C strong symmetrical

bands [25]. The bands at 694 and 467 cm-1 are attributed to

the –OH out-of-plane bending vibrations [25–29]. The sur-

face functional groups of the AC are grouped into three

types; carboxyl-type, carbonyl-type and hydroxyl-type [30].

The FTIR analysis indicates that hydroxyl or carbonyl

compounds may exist on the surface of the prepared AC,

although the results need to be verified by other methods,

such as oxygen K-edge X-ray absorption near-edge structure

spectroscopy to identify and quantify the surface functional

groups on the carbon materials [30].

4 Conclusions

Waste eucalyptus sawdust can be used as a highly suitable

raw material with NaOH used as an activation agent to

prepare AC. When the eucalyptus sawdust mass was

30.00 g, with particle sizes between 0.25–0.42 mm, and

the sawdust was heated and charred before activation by

NaOH, the optimized conditions for the preparation of AC

is as follows: mass ratio of NaOH to eucalyptus sawdust,

1:2; activation time, 30 min; and activation temperature,

700 �C. The Iodine number and BET surface area of

the produced activated carbon was 899 and 1.12 9 103

m2 g-1, respectively, with a 13.3 % yield. The AC is

mainly mesoporous.
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