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a  b  s  t  r  a  c  t

Synthesis  of  activated  carbon  (AC)  from  sawdust  of  Algarroba  wood  was  performed  as  a function  of
the temperature  under  CO2 and  N2 flow.  Characterization  was  performed  by  adsorption–desorption  N2

isotherms,  FTIR,  XPS  and  SEM.  Functional  acid  or basic  groups  were  detected  on the  surface  of AC.  For
both studied  atmospheres,  the  maximum  value  of  surface  area  was  obtained  at  800 ◦C. A  monotonic
eywords:
ctivated carbon
hysical activation
yrolysis
lgarroba wood

correlation  between  temperature  and  mean  pore  diameter  was  detected  being  the  higher  the  activation
temperature  the  lower  the  mean  pore  width  of  AC.  Ultramicroporous  AC  with  pore  diameters  of  6.7 Å
and 5.3 Å were  obtained  at 900 ◦C under  CO2 and  N2 flow,  respectively.  It can  be concluded  that  pore
diameter  and  the  functionalization  of  the  AC  surface  can  be  controlled  easily  controlling  the  temperature
of activation,  independently  of the gas  atmosphere.  The  present  results  suggest  that  waste  biomass  is  a
potential  source  for  the  synthesis  of  carbon  materials  with  potential  novel  applications.
. Introduction

The lignocelluloses are the most common precursor materials
o obtain activated carbon (AC) of low cost [1–8]. AC has been
sed extensively as adsorbent and catalytic support mainly due
o the high surface area up to 3000 m2/g and a wide range of
ore sizes [1].  AC has been studied in catalytic heterogeneous
eactions such as hydrogasification [9,10],  hydrodesulphurization
11,12] and photocatalytic detoxification of waste waters [13–15].
he efficiency of AC is associated directly with texture and surface
roperties [16,17]. An increasing interest of wood-derived carbon-
upported catalysts has been performed, mainly upon the kinetics
f methane conversion reactions [18–22] to obtain syngas, bio-oil
nd as feedstock for chemical production. These works showed that
hysical and chemical characteristics of carbon supports influence
he catalytic activity. Therefore, the kinetics parameters related
ith the synthesis of AC from biomass such as sawdust from wood

8,23–26] has received much attention. As part of a project aimed
o obtain up-grading materials from biomass, the principal aim of
his work treats with the synthesis of carbon materials from the
awdust of Algarroba wood. Discussion about the influence of the
aseous atmosphere and of the temperature of reaction on the tex-

ure and the chemical surface properties of the carbon are also
resented.

∗ Corresponding author. Tel.: +58 212 5041166; fax: +58 212 5041166.
E-mail addresses: jmatos@ivic.gob.ve, jmatoslale@gmail.com (J. Matos).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.046
© 2011 Elsevier B.V. All rights reserved.

2. Experimental

2.1. Raw material and activated carbon characterization

Sawdust from Algarroba (Hymenaea Courbaril) wood was
employed. It was  firstly crashed and sieved before characteriza-
tion. The mean size of particles was 350 �m. Tests of moisture
at 120 ◦C by 2 h, ash at 550 ◦C by 14 h, and volatiles at 850 ◦C
by 7 min  were also performed. Bulk density was estimated by
geometrical filled method with sieved microparticles of 350 �m.
Atomic absorption (AA) was performed to analyze the chemical
composition of ashes. Textural characterization was performed by
adsorption–desorption N2 isotherms at 77 K. The full isotherms in
the range of 4 × 10−3 to 84 kPa were measured in a ASAP-2020
equipment (Micromeritics). Equivalent surface area, micropore
area and volume, total pore volume and pore diameters were
obtained by Brunauer–Emmet–Teller (BET), Harkins–Jura (HJ)
and Horvath–Kawazoe (HK) methods, respectively. These meth-
ods were employed because carbon materials can contain slits
and spherical pores [26]. Fourier-transform infrared spectroscopy
(FTIR), X-ray photoelectronic spectroscopy (XPS), and scanning
electron microscopy (SEM) were also performed to characterize
the samples. FTIR spectrums were obtained on a spectropho-
tometer Magna-IR 560 from Nicolet. The powders were mixed
with KBr in a 5% (w/w) mixture and pressed to tablets of 1 cm

diameter at 10 t for 1 min. Spectra were recorded from 4000 to
400 cm−1 with a resolution on 5 cm−1. XPS was  carried out in
an ESCALAB 220i-XL spectrometer (VG scientific) equipped with
a hemispherical electron analyzer and a double anode Mg–Al

dx.doi.org/10.1016/j.jhazmat.2011.09.046
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jmatos@ivic.gob.ve
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J. Matos et al. / Journal of Hazardous Materials 196 (2011) 360– 369 361

 of act

n
c
C
w
m

2

d
y
0
d
t
u
(
r
a
t
m
p
t
fl
e

2

D
p
a

Fig. 1. Scheme

on-monochromatic X-ray source. The pressure in the analysis
hamber was kept below 10−9 Torr. The data were corrected to the
1s level at 285.0 eV. Scanning electron microscopy (SEM) images
ere obtained from palladium–gold-coated samples in a XL-30
icroscopy from Phillips.

.2. Physical activation and pyrolysis of sawdust

Carbon samples were prepared in one-step procedure by two
ifferent ways, physical activation under CO2 flow and by pyrol-
sis under inert N2 flow. All samples were thermally treated by
, 1 or 2 h at the final temperature (200 ◦C up to 900 ◦C) and
enoted ACCO2−T

and ACN2−T , with T the final temperature. In a
ypical synthesis [16], 3 g of sieved wood was treated thermally
nder CO2 or N2 flows (100 mL  min−1) at constant heating rate
10 ◦C/min) from ambient to final temperature. Activation was  car-
ied out at nearly constant atmospheric pressure (100 kPa) inside

 tubular kiln (Heraeus). Fig. 1 shows a schematic representa-
ion of the equipment used in this work. Tubular reactor was

ade of stainless steel or Pyrex glass depending of final tem-
erature. Different reaction time (0, 1 and 2 h) was  followed and
hen the oven was left cooled to temperature environment under
ow of inert gas. The yield (%) of carbon was verified after each
xperiment.

.3. Phenol photodetoxification
Phenol was purchased from Aldrich. The photocatalyst was TiO2
egussa P25, mainly anatase (ca. 70%) under the shape of non-
orous polyhedral particles of ca. 30 nm mean size with a surface
rea of 50 m2/g. Activated carbons prepared under CO2 and N2
ivation set-up.

flow at 800 ◦C and 1 h were selected for the study because they
showed the highest surface areas (discussed below). These sam-
ples were denoted: TiO2–ACCO2 and TiO2–ACN2 . The experimental
set-up has been described before [13,14] but it can be summa-
rized as follows. The batch photoreactor was  a cylindrical flask
made of Pyrex of ca. 100 mL  with a bottom optical window of ca.
4 cm diameter and was  open to air. Irradiation was  provided by
a high pressure mercury lamp (Phillips HPK 125 W)  and was fil-
tered by a circulating-water cell (thickness 2.2 cm)  equipped with
a 340 nm cut-off filter (Corning 0.52). The water cell was used to
remove all the IR beams, thus preventing any heating of the sus-
pension, especially in the presence of black activated carbon. The
cut-off filter, although decreasing the overall UV-light power avail-
able, enables one to eliminate any photochemical side reaction.
Millipore disks (0.45 �m)  were used to remove particulate mat-
ter before HPLC analysis. The HPLC system comprised a LDC/Milton
Roy Constametric 3200 isocratic pump and a Waters 486 tunable
absorbance detector (Millipore) adjusted at 270 nm for the detec-
tion of phenol. The quantity of 50 mg  of Titania was  chosen since
in our conditions there is a full absorption of the UV light entering
the photoreactor and because it has shown a optimum of composi-
tion in the photodegradation of phenol [13]. The quantity of 10 mg
AC was  chosen to ensure a good adsorption of phenol related to
the high surface area of AC without disturbing the UV absorption
by titania nor phenol adsorption on it [13]. Samples of the suspen-
sion were removed at regular intervals for analysis and from the
linear regression of the kinetic data of phenol disappearance as a

function of reaction time Ln(Co/Ct) = f(t), the first-order apparent
rate-constants (kapp-phenol) were obtained to compare the photoef-
ficiency of the TiO2–AC against TiO2 alone. Further details can be
verified elsewhere [13].
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Table  1
Characterization of Algarroba (Hymenaea Courbaril) wood.

Moisture (wt%) 9.8 ± 0.4
Ash (wt%) 1.30 ± 0.04
Volatiles (wt%) 72.1 ± 0.7
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Fixed carbon (wt%) 16.8 ± 1,3
Bulk density (g/cm3) 0.89 ± 0.03

. Results and discussion

.1. Raw material characterization

Results of wood characterization are shown in Table 1. It is well-
eported [1,2] that carbon yield is affected by many factors such as
he precursor material, the activation method, the activation agent,
nd other activation parameters such as pressure and heating rate.
n addition, the high volatile content (about 72%) would suggest
ow yields during the synthesis in agreement with the low fixed
oal of about 17% (Table 1). A low content of ash of about 1.3% was
etected in the composition of the wood, suggesting that the carbon
aterials will have a high purity. Table 2 shows a summary of the

esults of atomic absorption (AA) obtained from ashes of Algarroba.
lkaline and alkaline-earth metals were detected being Ca the most

mportant (ca. 0.4%). Also, low content of amphoteric elements (Al
nd Si) and first row transition metals (Cr, Cu, Fe, Ni, Zn and Mn)
ere detected. However, this composition is low enough (less than

.1%) that any catalytic influence of transition metals on the thermal
egradation of the wood can be rejected.

It should be pointed out an important quantity of phosphor (ca.
.7%) in the composition of wood. Laine et al. [27] have reported
hat P found in AC obtained from coconut shell is structured com-

only in the shape of cyclic or linear polyphosphates [(PnO3n)]n-
nd [(PnO3n+1)](n+2)-, respectively. These phosphates can be inter-
alated in the borders of the carbon sheets with a strong interaction
etween the anions phosphates and the carbon atoms.

.2. Thermal degradation of wood

The yield (%) after thermal degradation (followed gravimetri-
ally) under CO2 or N2 flow is show in Fig. 2A and B, respectively.
he moisture corresponding to the heating up to 120 ◦C is also

bserved in Fig. 2. It can be noticed that the thermal decompo-
ition begins on 200 ◦C in both gaseous atmospheres with burn-off
f about 12% and 10% under CO2 and N2 flow, respectively. This
s in agreement with previous works of thermal decomposition

able 2
tomic absorption analysis of ashes from Algarroba wood.

Element Concentration
in ashes (mg/L)

Proportion (%) Wood composition
(wt%)

Al 18.31 1.05 0.0136
Ba 0.51 0.03 0.0004
B 1.83 0.10 0.0014
Ca 538.46 30.80 0.4066
Cr 0.17 0.01 0.0001
Cu 1.58 0.09 0.0012
Fe 86.46 4.95 0.0653
Mg  112.05 6.41 0.0846
Mn  0.46 0.03 0.0003
Ni 0.15 0.01 0.0001
P 934.57 53.47 0.7057
K 42.58 2.44 0.0322
Si 0.82 0.05 0.0006
Na 2.61 0.15 0.0020
Sr 2.69 0.15 0.0020
Zn 4.66 0.27 0.0035

Total 1747.91 100.00 1.30
Fig. 2. Yields of Algarroba wood as function of temperature and reaction time. (A)
Activation under CO2 flow and (B) activation under N2 flow.

of lignocelluloses materials [23,24,28].  Fig. 2 shows three thermal
different degradation zones as a function of temperature. These
zones can be identified at low, moderate and high temperatures
as follows. The low temperature zone between 200 and 300 ◦C,
the moderate one between 350 and 600 ◦C, and the high temper-
ature zone between 600 and 900 ◦C. For the case of the thermal
degradation under CO2 atmosphere, Fig. 2A shows that the higher
the activation temperature and reaction time the lower the yield
and concomitantly the highest burn-off of about 94% and 70%
under CO2 and N2, respectively. In short, up to 600 ◦C, the burn-off
follows a very similar trend under both atmosphere, but at temper-
ature higher than 600 ◦C, the burn-off is clearly larger under CO2
because the carbonized wood reacts in an efficient way with CO2 to
major temperatures that 690 ◦C according to Boudouard’s reaction
[29]: C + CO2 → 2CO, which is a bimolecular process. In addition,
the pyrolysis under N2 flow (Fig. 2B) shows a similar behavior up
to 700 ◦C but then being a constant to temperatures higher than
700 ◦C. By contrast, under the atmosphere of N2 the unimolecular
thermal decomposition of the wood happens from temperatures of
200 ◦C up to 700 ◦C. At higher temperatures than 700 ◦C and under
inert atmospheres, the yields remain practically constant because
of the aromatization of carbon atoms into graphite sheets [30–33].

It should be pointed out that the samples activated by 1 h were
selected for the characterization in order to compare the present
results mainly against textural results obtained in a previous work
related with the synthesis of AC from the Apamate wood [16] as we
discuss below.

3.3. Characterization of carbons
3.3.1. FTIR and XPS
FTIR is mainly used as a qualitative technique for the study of

the surface chemical functional groups on activated carbon. Since
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Both spectra show clear differences. A summary of the functional
groups detected from the XPS analysis in the region O1s for the AC
prepared under CO2 and N2 flows are presented in Tables 6 and
Fig. 3. FTIR spec

arbon materials are black materials, they absorb almost all of
he radiation in the visible spectrum and the peaks obtained in
TIR are commonly a sum of the interactions of different types of
roups. However, some interesting features can be obtained from
his technique. The FTIR spectra of Algarroba is show in Fig. 3 and in
upplementary material the FTIR spectra of some selected carbon
aterials are included for comparative purposes. A summary of

he functional organic groups detected in this wood is compiled in
able 3. A strong absorption peak at about 3424 cm−1 and another
eak at 1638 cm−1 can be assigned to O–H vibrations suggesting the
resence of phenol groups. Other important peaks were detected
bout 2926 cm−1, 1731 cm−1 and between 1510 and 1600 cm−1 are
hese peaks are assigned to aliphatic C–H vibrations, carbonyl of
actones, and aromatic rings from lignin, respectively [34,35].
Tables 4 and 5 compile the results of the functional groups
etected by FTIR on the surface of carbons prepared under CO2
nd N2 flows, respectively. Comparison of these tables shows
hat the predominant groups detected were the carboxylic acids,

able 3
ummary of FTIR results of Algarroba wood.

Functional organic groups Assignment of absorption
bands (cm−1)

Carboxylic acid 3200; 1460; 1400; 1117
Lactone 1742; 1158
Phenol 3406; 1400
Ether 1276
Aliphatic groups 2920
Aromatic rings 1629; 892; 774
Algarroba wood.

phenols and ethers groups. Phenol was the main acid surface group
detected at low temperatures up to 450 ◦C under both atmospheres.
This result was expected because the main peak detected in the
FTIR spectra of the Algarroba wood was phenol group (Fig. 3).
It should be remarked that at higher temperatures than 600 ◦C,
carboxylic acids and phenol were not detected indicating a less
hydrophilic behavior on the carbon samples in agreement with pre-
vious results obtained in the synthesis of other carbon materials
[16,36,37].

Fig. 4 shows the XPS spectra in the region O1s  of the AC pre-
pared under CO2 flow at 450 ◦C (Fig. 4A) and 900 ◦C (Fig. 4B).
Table 4
Functional groups detected by FTIR on AC prepared after 1 h reaction under CO2

flow.

Temperature (◦C) Carboxylic
acid

Phenol Ether

200
√ √ √

250
√  √ √

300
√  √ √

350 × √ √
450  × √ √
600  × × √
700 × × √
800 × × √
900 × × √
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Table  5
Functional groups detected by FTIR on AC prepared after 1 h reaction under N2 flow.

Temperature (◦C) Carboxylic
acid

Phenol Ethers

200
√ √ √

250
√ √ √

300
√  √ √

350
√  √ √

450  × √ √
600 × × √
700 × × √
800 × × √
900 ×  × √

Fig. 4. XPS spectra of 1sO region of some selected carbons activated under CO2 flow.
(A)  450 ◦C, (B) 700 ◦C and (C) 900 ◦C.

Table 6
Summary of functional carbon groups detected from XPS analysis in the O1s region for th

Temperature (◦C) Metallic
oxides

Carbonyl

350 × √ 

450 × √ 

600
√ √ 

700
√ √ 

800
√ √ 

900
√  √ 

Table 7
Summary of oxide carbon groups detected from XPS analysis in the O1s region for the AC

Temperature (◦C) Metallic
oxides

Carbonyl

350 × ×
450 × ×
600 × ×
700 × √ 

800
√ √ 

900
√  √ 
Materials 196 (2011) 360– 369

7, respectively. For example, AC prepared under CO2 flow devel-
oped carbonyl groups (531.5–532.6 eV) in any of the temperatures
while for the case of AC prepared under N2 flow, the carbonyl was
detected at temperatures higher than 700 ◦C. This result suggests
that the CO2 reacts with the wood even at low temperature to form
carbonyl groups on the surface of carbon materials. Phenol and
ether groups (533.0–534.1 eV) [36] were also detected in both cases
(Tables 6 and 7) in agreement with the FTIR spectra (Tables 4 and 5).
The XPS spectrum in Fig. 4A is highly symmetric while the XPS spec-
trum in Fig. 4B shows a broad shoulder at high binding energy. Fig. 4
also shows the resolved analysis of XPS spectra in the region O1s
into four individual peaks. These peaks correspond to the differ-
ent functional groups detected on the carbon surface. It should be
pointed out that at temperatures higher than 600 ◦C, a broad peak
at binding energies between 534.3 and 537.0 eV (Fig. 4B) suggest
the presence of chemisorbed water and/or oxygen [38] on carbons.
The formation of molecular oxygen radical (•O2) has been pro-
posed by Barr [39]. We also suggest that the peak about 536.7 eV
(Fig. 4B) corresponds to this oxygen radical in agreeing with the fact
that carbons prepared at high temperatures by physical activation
or by pyrolysis commonly are characterized by basic surface pH
[16,36,37].  In addition, it is difficult to differentiate between car-
bons prepared by physical activation or pyrolysed carbons when
high temperatures are employed.

XPS spectra in the O1s region (Fig. 4) showed important peaks
about 531 eV. Beside the conventional C O functional group, some
authors [37,39] attribute this peak to metal oxides when the chemi-
cal composition of the precursor wood is important as in the present
case (>1 wt%). It can be suggested that under N2 flow the particles of
metallic oxide need higher temperatures to spread up to the carbon
surface in the comparison of CO2, which can react from tempera-
tures moderated to remove hetero atoms (O and H) of the wood.
Finally, it can be seen from Table 8, that the higher the tempera-
ture of activation or pyrolysis the more basic is the surface of the
carbon. It can be inferred from the pHPZC that surface of carbons
evolutes from a soft acid surface to a basic one in agreement with
the changes in the oxygenated functional groups detected by FTIR
and XPS discussed above. In other words, the higher the temper-
ature of preparation the more hydrophobic behavior of carbons is
expected.
3.3.2. SEM
Fig. 5 shows the SEM images of selected AC prepared under CO2

and N2 flow. SEM images show some white dots that have been

e AC prepared under CO2 flow by 1 h.

 Phenol and
ethers

Quimisorbed
oxygen or water

√ ×√ ×√ ×√ ×√ √
√ √

 prepared under N2 flow by 1 h.

 Phenol and
ethers

Quimisorbed
oxygen or water

√ ×√ ×√ ×√ ×√ √
√ √
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Table 8
BET surface area (SBET) and pHPZC of carbons prepared from Algarroba (Alg) under CO2 and N2 flow by 1 h and a comparison against those obtained from Apamate (Apa).

T (◦C) SBET CO2 (m2/g) pHPZC ACCO2 SBET N2 (m2/g) pHPZC ACN2

Alg-350 92 ± 1 5.9 34 ± 1 5.8
Alg-450 350 ±  7 6.1 220 ± 6 5.9
Alg-600 870 ± 17 7.0 497 ± 1 6.9
Alg-700 1038 ± 28 7.8 527 ± 2 7.7
Alg-800 1167 ± 31 8.3 549 ± 2 7.8
Alg-900 752 ± 20 8.9 471 ± 12 8.3
Apa-450a 352 ± 5 6.3 31 ± 5 6.1
Apa-600a 426 ± 13 7.2 360 ± 12 7.1
Apa-700a 570 ± 14 8.0 388 ± 13 7.9
Apa-800a 770 ± 16 8.5 519 ± 15 8.5
Apa-900a 548 ± 21 9.1 590 ± 13 8.9

a Results obtained from the Apamate wood at the same experimental conditions [16].

Fig. 5. SEM images of selected activated carbons. (A) CO2, 350 ◦C, (B) N2, 350 ◦C, (C) CO2, 600 ◦C, (D) N2, 600 ◦C, (E) CO2, 800 ◦C and (F) N2,  800 ◦C.
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ig. 6. Adsorption–desorption N2 isotherm of AC prepared at 800 ◦C by 1 h. (A)
nder CO2 flow and (B) under N2 flow.

ssociated with the inorganic composition of wood. AC particles
re in a micrometer scale in agreement with sieving performed.
ndependently of the gas and activation temperature, AC showed a
ellular fibrous morphology. SEM images suggest that the present
ctivated carbons are constituted by an interconnected channel
ramework in concordance with the fact that the precursor is con-
tituted by a fibrous structure. For example, Fig. 5C indicates that
nder CO2 flow, even at moderate temperatures (600 ◦C), an incip-

ent activation occur in spite of this temperature is lower than that
ommonly considered as the critical temperature for the spon-
aneous activation under CO2 flow (about 690 ◦C) [29]. Similar
endencies of an interconnected porous system as a function of
emperature have been reported for the case of activated fibers
btained from rayon fibers [40] and for activated carbons obtained
rom almond shells [41].

.3.3. Texture of AC
For the materials prepared at temperatures higher than 600 ◦C,

he adsorption–desorption N2 isotherms of carbon prepared
nder CO2 and N2 flow, showed very similar trends character-

stic of a micropore framework as suggest Fig. 6 and figures in
upplementary material. Fig. 6 shows the analysis for two  selected
arbons prepared at 800 ◦C by 1 h under CO2 and N2 flow, denoted
CCO2 and ACN2 , respectively. Both isotherms correspond to a type

 indicating that the framework is mainly composed by micropores.
 summary of BET surface areas (SBET) of AC prepared from Algar-

oba (hard wood) is compiled in Table 8 and results obtained from
pamate (soft wood) at the same experimental conditions [16] are
lso shown in Table 8 for comparative purposes. In general, results
btained from Algarroba and Apamate followed very similar trends.
Materials 196 (2011) 360– 369

As expected, BET surface area of AC prepared under CO2 flow was
higher than under N2. It must be noted that a maxima in the BET
surface area was obtained at 800 ◦C, both under CO2 and N2 flow.
This temperature is the same than that we have found before [16]
for the preparation of AC from the sawdust of Apamate [16] and
for the activation of carbon foams obtained from the controlled
pyrolysis of saccharose under CO2 or N2 flow [30]. Porosimetry
parameters such as micropore area (�porearea), micropore volume
(�porevolume), total volume or pore (Vtot) and pore diameter (Wpore)
are showed in Tables 9 and 10 for the AC obtained under CO2 and
N2 flow, respectively. It can be seen that the higher the activation
temperature the higher the micropores volume (�porevolume) and
the higher the total volume of pore of AC. For the micropore area
(�porearea), a maximum is reached at 800 ◦C in agreement with
the BET surface area. In most of cases, the microporous area con-
tributes with about 90% of the total surface area. In addition, it can
be seen from Tables 9 and 10 that the higher the final temperature
of activation the lower the mean width of pore (Wpore). For tem-
peratures between 350 and 450 ◦C macroporous and mesoporous
carbons were obtained, respectively; whereas between 600 and
800 ◦C microporous were obtained. A carefully analysis of meso-
pore volume compiled in Tables 9 and 10 showed that in spite of the
framework of the carbon materials is mainly micropore, the sam-
ples prepared by gasification with CO2 showed higher contribution
in the mesopore range than samples prepared under N2 flow. This
was  expected because as indicated above, CO2 reacts effectively
with the carbon at temperatures higher than 600 ◦C. In general, the
mean pore diameter decreases monotonically with the increase of
the activation or pyrolysis temperature. This could be the conse-
quence of a pseudo-graphitization of the graphene sheets, in spite
the present maxima temperature is 900 ◦C, clearly lower than that
require for this phenomena. The mean pore diameter was lower
for the AC obtained under N2 flow than those obtained under CO2
atmosphere in any of the temperatures studied. For example, at
350 ◦C, the mean macropore diameter on N2 flow was about the half
than that on CO2 flow (922 against 1815 Å). This trend is the same
for the temperature where mesoporous were obtained (450 ◦C), and
also in the range (600–900 ◦C) where micropore AC were obtained.
It should be pointed out that at 900 ◦C the lowest mean width of
pore of about 6.7 Å (Table 9) and 5.3 Å (Table 10)  were obtained
under CO2 and N2 flows, respectively. These AC can be classify as
an ultramicroporous AC which have shown several potential appli-
cations such as a double layer capacitor and electrode material [42],
as a separation membrane [43], as catalytic support for the hydro-
gen production from the dry methane reforming [20,21,44,45],  and
as an efficient adsorbent for the hydrogen uptake and storage [46].

3.4. General discussion

We present here a first part of a major research showing some
insights about the design of both textural and functional groups
on the surface of AC. It can be summarized that in this work, a
hydrophobic and ultramicroporous AC can be prepared by control-
ling the temperature and atmosphere of the thermal degradation
of waste biomass. The potential of these AC, mainly in the indus-
try and in environmental green chemistry applications by cata-
and photocatalytic heterogeneous reactions will be presented in
the next two works. It should be pointed out that carbon derived
materials obtained from sawdust of wood contain lower ash con-
tent that those prepared from other lignocellulosic materials such
as agroindustrial bio-wastes and clearly much lower than those
obtained from petroleum precursors. This is one of the reasons

why  activated carbon materials prepared from sawdust of wood
has been employed successfully in catalytic heterogeneous reac-
tions [1].  For example, Laine et al. [11,12] have showed that pore
volume of activated carbon supports play a synergistic role upon
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Table 9
Micropore area (�porearea), micropore volume (�porevolume), mesopore volume (mporevolume), total pore volume (Vtot) and mean width of pore (Wpore) of AC prepared by
activation under CO2 flow by 1 h.

T (◦C) �porearea (m2/g)a �porevolume (cm3/g)b mporevolume (cm3/g)b Vtot (cm3/g)c Wpore (Å)c

350 –d –d –d 0.030 1815
450  326.7 0.100 0.007 0.107 54.5
600 624.1  0.241 0.095 0.336 20.6
700 892.0  0.411 0.067 0.478 20.0
800  1003 0.462 0.076 0.538 18.6
900  645.7 0.573 0.094 0.667 6.72

a Obtained by HJ method.
b Obtained by HJ method.
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Fig. 7. Summary of kinetic results of phenol adsorption in the dark (Ph ) and

T
M
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c Obtained by HK method.
d Not estimated.

he activity and selectivity of NiMo catalysts the in thiophene
ydrodesulphurization. Also, our group has showed that pore size
istribution clearly influence the catalytic activity of Ni and NiMo
atalysts in the ethylene hydrogenation [9] and the kinetics of coke
eposition [10]. Also, our group have showed in different works
bout synthesis of activated carbons by physical activation or by
yrolysis [16], and by chemical activation [17] that the pore size dis-
ribution and surface area of activated carbons remarkably affects
he photoactivity of TiO2 in the photocatalytic detoxification of
-chlorophenol. In addition, we have showed that textural prop-
rties of activated carbon clearly influence the selectivity of main
ntermediate products detected during the aromatic molecules
s phenol and 2,4-dichlorophenoxiacetic acid [13,14] and more
ecently on 4-chlorophenol [47,48] and 2-propanol [49] photooxi-
ations. In this sense, Fig. 7 shows the influence of the two carbons
repared at 800 ◦C by 1 h upon the phenol adsorption and on the
hoto efficiency of TiO2 in the phenol photo detoxification under
V-irradiation. It can be seen from Fig. 7 that any of two TiO2–AC
inary materials adsorbed higher phenol (after 15 min  adsorption

n the dark). This enhancement in phenol molecules around pho-
oactive TiO2 enhances the photo efficiency of the semiconductor
s can also be seen in Fig. 7. This enhances has been attributed to
he presence of a common contact interface between TiO2 and AC
hat make possible a continuous transfer of the species from the
C to the TiO2 surface [49]. Our present enforces are aimed to pre-
are hierarchically macro–meso–micro porous carbon materials to
tudy the influence of pore size distribution on the selectivity of
iMo catalysts in hydrocracking reactions and to verify the pres-
nce of confinement effects on the selectivity of hydrocracking
onsequence of specific pore size an pore volume of the support
uch as in the case of zeolites [50,51].  We  do believe that the present
esults regarding the pyrolysis of sawdust of a hard wood as Algar-

oba consists of essentially 3 different zones is a very important
nding and deserve to be studied carefully. A better explanation for
he present results where the reaction rates rather decreased with
he increasing temperature from 350 to 600 ◦C could be due to the

able 10
icropore area (�porearea), micropore volume (�porevolume), mesopore volume (mporev

ctivation under N2 flow by 1 h.

T (◦C) �porearea (m2/g)a �porevolume (cm3/g)b

350 –d –d

450  201.7 0.101 

600  449.1 0.172 

700  494.0 0.188 

800  515.4 0.195 

900  454.8 0.223 

a Obtained by HJ method.
b Obtained by HJ method.
c Obtained by HK method.
d Not estimated.
ads

first-order apparent rate-constants (kapp) of phenol photodegradation under UV-
irradiation.

presence of different chemical structures of the starting materials
at zero holding time after heating up to the set temperatures (i.e.,
350, 400 and 600 ◦C). Therefore, the estimation of kinetic parame-
ters from data of modulated thermogravimetric analysis is required
to better understand the correlation of the influence of each pyrol-
ysis zone on the pore size distribution and pore volume of carbon
materials. In addition, the influence of ashes of lignocellulosic car-
bon precursors and the influence of additives (chemical activators)
that can play the role of catalysts to improve the textural properties

are necessary to clarify the significance of the present results. In this
way, our groups have already reported preliminary studies regard-
ing the influence of the pyrolysis atmosphere [52] and the effect of

olume), total pore volume (Vtot) and mean width of pore (Wpore) of AC prepared by

mporevolume (cm3/g)b Vtot (cm3/g)c Wpore (Å)c

–d 0.016 922
0.010 0.111 43.3
0.018 0.190 16.3
0.013 0.201 15.8
0.013 0.208 15.8
0.008 0.231 5.33
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hemical additives [53] on the topological organization of carbon
aterials obtained from the controlled pyrolysis of saccharose.

. Conclusions

AC was prepared from the sawdust of wood by physical acti-
ation and pyrolysis under CO2 and N2 flow, respectively. Maxima
ET surface area was obtained at 800 ◦C, both under CO2 and N2
tmospheres to then decrease at higher temperatures of activa-
ion. IR and XPS suggest that the higher the activation temperature
he more basic is the functional groups on surface of carbons.
orosimetry showed that the higher the activation temperature
he higher the micropores volume and the higher the micropore
urface of AC. The higher the activation temperature the lower the
ore diameter obtaining an ultramicroporous activated carbon at
00 ◦C. It can be concluded that mean pore width and functional-

zation on the surface of AC can be easily controlled and this feature
ermits to think in waste biomass as a potential source for the
ynthesis of carbon materials with different and potential modern
pplications.
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