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Reduction of Nitrobenzene with Hydrazine Hydrate Catalyzed by
Acid-Treated Activated Carbon
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Abstract: Activated carbons, which were modified by chemical treatment in aqueous solutions of HNOj;, HCL, and H,SO, or in gaseous N»
and H,, have been tested as catalysts in the reduction of nitrobenzene using hydrazine hydrate as hydrogen donor. Fourier transform infrared
spectroscopy analysis and Boehm titration reveal that the chemical treatment leads to the formation of various oxygen functional groups on
the surface of the activated carbon. These oxygen functional groups can induce the decomposition of hydrazine hydrate and influence the
adsorption of nitrobenzene on the surface of the activated carbon. The catalytic activity is correlated to that of the oxygen functional groups,
which suggests that an abundance of surface oxygen functional groups is favourable for this reaction. The activated carbon treated by hydro-

chloric acid had the largest amount of oxygen functional groups and exhibited the highest activity for nitrobenzene reduction to aniline.
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Activated carbon (AC) is usually used as a substrate for
loading active catalytic centers due to its high surface area,
tunable porosity, and high stability in caustic and acidic
conditions [1-3]. Both the texture and surface chemistry of
AC support have a distinct effect on the catalytic perform-
ance of AC supported catalysts [4,5]. However, there are
examples of the application of AC itself as catalyst for

chemical reactions [6—12]. For example, Diaz Velasquez et
al. [11] reported that surface modified activated carbons
catalyzed the oxidative dehydrogenation of isobutane. Sun
et al. [12] investigated selective hydrogen transfer to an-
thracene and its derivatives over an AC, and found that the
AC can split gaseous hydrogen into atoms and catalyze the
monatomic hydrogen transfer to aromatic rings.
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Generally, the catalytic properties of AC itself can be
modified to develop desirable physicochemical properties
by adequate choice of activation procedures. For example,
AC can be modified via physical approaches to change of
their properties for different applications. It was reported
that heat treatment in an inert atmosphere can selectively
remove some of the oxygen functional groups [13]. Surface
carboxylic acid groups of carbons disappear after treatment
in H, at 723 K [14]. In addition, surface properties of acti-
vated carbons can be also modified by adding inorganic
acids. The modification of AC mainly changes the surface
chemistry of the carbons and sometimes alters their specific
surface area and porosity [15,16]. Moreover, both strongly
and weakly polar oxygen functional groups can be intro-
duced by acid modification. These polar surface oxygen
groups remarkably influence the catalytic activity and selec-
tivity by tuning the preferential reactant adsorption and
product desorption [17].

Here, we employed an AC as a metal-free catalyst for the
reduction of nitrobenzene. The product, aniline, is an im-
portant intermediate in the fine chemicals industry. It is
mainly produced by the selective hydrogenation of nitro-
benzene over metals, especially noble metal catalysts such
as Ni, Pt, Ru, and Pd [18] under hydrogen at a relatively
high temperature. In addition, there exists little literature on
the application of AC in the reduction of nitro compounds
[19,20]. The present study investigates the characterization
and application of modified activated carbons as catalysts in
the hydrogenation of nitrobenzene using hydrazine hydrate
as hydrogen donor. The relationship between the catalytic
performance and the oxygen functional groups on activated
carbon surfaces is discussed in detail.

1 Experimental
1.1 Chemicals

All chemicals used for the experiments were of AR
grade, including activated carbon, nitric acid (HNOj3, 65%),
sulfuric acid (H,SO,, 98%), hydrochloric acid (HCL, 37%),
hydrazine hydrate (N,H,;-H,O, 80%), and ethanol. These
reagents were purchased from Tianjin Kermel Chemical
Reagents Company. Nitrobenzene (AR grade) was supplied
by China Medicine Group Shanghai Chemical Reagent
Company.

1.2 Catalyst preparation

Activated carbon was firstly boiled in deionized water for
2 h and then washed by deionized water, and labeled D-AC.
The D-AC was separately modified by three different acids,
hydrochloric acid, sulfuric acid, and nitric acid, and denoted

as H-AC, S-AC, and N-AC. This modification was carried
out by stirring 50 g D-AC in different acid solutions at 50
°C for 24 h. After filtration, the modified ACs were care-
fully washed by deionized water and then dried at 105 °C
overnight.

In addition, the H-AC was treated in nitrogen atmosphere
heating at a rate of 10 °C/min to 400, 600, and 800 °C, re-
spectively, then keeping at those temperatures for 10 h and
denoted as H-AC-400N,, H-AC-600N,, H-AC-800N,. The
H-AC was also treated in hydrogen atmosphere heating at a
rate of 10 °C/min to 600 °C and keeping for 4 h, and de-
noted as H-AC-600H,.

1.3 Catalyst characterization

XRD patterns were obtained on an X-ray diffraction in-
strument (D8 Advance, Bruker) equipped with a graphite
monochromator and with a Cu K, radiation source. It was
operated under the following conditions: tube voltage 40
kV, current 40 mA, and scanning range 26 = 10°-70°. The
specific surface area was measured by the nitrogen adsorp-
tion-desorption method at liquid nitrogen temperature. The
measurements were carried out using a Micromeritics in-
strument (ATUOSORB-JMP, Quantachrome) apparatus
after sample degassing at 200 °C for 12 h. The specific sur-
face area was calculated using the BET model. Fourier
transform infrared spectra (FT-IR) were recorded between
400 and 4000 cm™' with a Bruker AXS TENSOR 27 spec-
trometer. The samples were diluted in KBr to a 0.1% [car-
bon + KBr] content. Corrections were made with respect to
the mass of carbonaceous material in the pellets. The spec-
trum of the diluent itself was obtained and subtracted from
those of the mixture. Boehm titration was used for quanti-
fying various surface functional groups on AC. This method
depends on the reaction of basic solutions having different
pKy values with functional groups having different pK, val-
ues [15]. General Boehm titration procedure: an AC sample
mass of 0.5 g was suspended in 25 ml 0.1 mol/L standard
basic solution and shaken in a closed container for 24 h. The
slurry was filtered to remove AC. An aliquot of 10 ml was
back-titrated with 0.1 mol/L HCI. The amounts of various
oxygen functional groups were determined according to the
Boehm method [21].

1.4 Catalytic testing

Catalytic tests were carried out in a 50 ml glass reactor
with a condenser. The reactor was heated by a water recir-
culating bath. A standard run is described as follows: cata-
lyst (0.3 g) was dissolved in ethanol (5 ml), then, nitroben-
zene (0.5 ml, 4.89 mmol) and hydrazine hydrate (0.75 ml,
hydrazine hydrate:nitrobenzene molar ratio = 2.5:1) was
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added. The mixture solution was stirred at 80 °C. At the end
of the reaction, the catalyst was removed and the reaction
products were analyzed using a gas chromatograph
(Agilent-6890N) equipped with a capillary column (HP-5;
0.25 pm x 0.32 mm % 30 m) and a flame ionization detector.

2 Results and discussion
2.1 Catalyst characterization

The XRD patterns of the D-AC, H-AC, S-AC, and N-AC
samples are shown in Fig. 1. The sharp, narrow peak at
26.1° in the patterns of all the samples indicates the pres-
ence of a highly graphitized fraction in the AC samples
[14]. The broader peak at 26 values from 20° to 30° of all
the samples denotes strong small angle scattering and is
indicative of an amorphous material with high porosity.
Furthermore, the weaker broad peak at 43.3° indicates that
the (100) and (101) peaks have merged to yield a single (10)
reflection which demonstrates a relatively high degree of
randomness in these samples. Our data suggest that the
samples treated by different acids show the same XRD
structure and are completely consistent with AC.
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Fig. 1. XRD patterns of ACs. (1) H-AC; (2) S-AC; (3) N-AC; (4)
D-AC.

Table 1 gives the specific surface area and the results of
Boehm titration. The different acid treatment of ACs led to
a slight decrease in specific surface area, and this decrease
in the BET surface area may be due to blocking of the nar-
row pores by the surface complexes introduced by the acid
treatment [22]. Therefore, acid treatment influences the
chemical structure of the AC surface as further discussed
(introduction of oxygen functional groups). The Boehm
method uses bases of different strengths to differentiate
surface functionalities of various acidic strengths. It is as-
sumed that a base of certain strength is able to neutralize
those functional surface groups which are more acidic (i.e.
less basic). It is generally accepted that NaHCO; (pKnatcos

Table 1 Surface properties of various activated carbons

Sample BET surface Carboxyl Lactone Phenol Total acidity
area (m*/g) (mmol/g) (mmol/g) (mmol/g) (mmol/g)
D-AC 433.9 0.018 0.018 0.018 0.054
H-AC 386.7 0.207 0.027 0.180 0.414
N-AC 405.2 0.126 0.090 0.063 0.279
S-AC 370.8 0.163 0.061 0.102 0.326

= 6.37) neutralizes only carboxyl groups on the carbon
surface, Na,CO; (pKnazcos = 10.25) titrates carboxyls and
lactones, NaOH (pKy.on = 15.74) neutralizes carboxyl, lac-
tone, and phenolic groups [23]. As expected, treating by
acids results in a significant increase of AC acidity, which is
demonstrated by a fivefold to eightfold increase of the
amount of acidic groups (Table 1). The amounts of acidic
functional groups on AC increase in the order of D-AC <
N-AC < S-AC < H-AC. Furthermore, the amount of car-
boxylic groups increased to a greater extent than phenolic
groups on the activated carbon. Likewise, the increase of the
amounts of carboxylic groups, phenolic and lactone groups
of ACs is consistent with the amount of total acidity.

FT-IR analysis can be used to determine the presence of
surface functional groups on AC. The effects of HCI, HNO;,
and H,SO, treatment on the surface functional groups on
AC were examined, and representative FT-IR bands are
shown in Fig. 2. For the D-AC sample the bands of stretch-
ing O—H vibrations are revealed in the range of 3150-3650
cm' [14]. These may be attributed to surface hydroxyl
groups and chemisorbed water [15]. The weak peaks at
2922 and 2854 c¢cm' can be assigned to various C—-H
stretching vibrations [14]. The strong adsorption bands at
1630 and 1387 cm™' are assigned to carboxylic groups
[14,24,25]. The broad peak between 1000 and 1200 cm™
can be attributed to the phenolic groups [24]. The increase
of the relative intensity of the bands in the range of
3150-3650 cm ' indicates an increased content of hydroxyl
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Fig. 2. FT-IR spectra of ACs. (1) S-AC; (2) N-AC; (3) H-AC; (4)
D-AC.
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groups in N-AC, H-AC, and S-AC, also suggesting that the
AC treated by acids generates a large number of carboxylic
groups. In addition, a slight increase in the intensity of the
band at 1387 cm™ was observed, which can be assigned to
carboxylic O-H stretching vibration. However, the peaks at
1630 and 1103 cm ™" in the three spectra were different.

The bands at 1630 and 1103 cm™ corresponding to car-
boxylic C=0O stretching and phenolic C-O and O-H
stretching modes increased slightly in the N-AC and S-AC
samples and significantly in the H-AC sample, implying
that HCI treatment increased the amount of the oxygen
functional groups most. It is worth emphasizing that the
H-AC sample treated by HCl (an acid without oxidation
ability) increased the relative intensity of the band at
1000-1200 cm™'. This corresponds to a relative increase of
single-bonded oxygen functional groups such as phenols,
ethers, and lactones [15,26]. Leony Leon et al. [26] sug-
gested that two types of interaction may occur when H' and
CI” adsorb on carbon, i.e. one process is described in terms
of pyrone-type structures and the other one is of the electron
donor-acceptor interaction type.

These results implied that treatment by acid increased the
concentration of oxygen functional groups such as carbox-
ylic and phenol groups on the activated carbon surface.
Moreover, the HCI treatment increased the amount of the
oxygen functional groups most. This is consistent with the
results of Boehm titration. However, this information alone
is not sufficient to investigate the change of functional
groups on the surface of ACs. Because of this, two addi-
tional tests for the change of surface functionalities were
carried out.

The H-AC sample was thermally treated at 400, 600, and
800 °C in nitrogen respectively, to investigate the change of
its surface functionalities. The FT-IR spectra of the H-AC
samples treated at different temperatures are given in Fig. 3.
When the H-AC was treated in N, at 600 °C, the peaks at
1630 and 1387 cm™' corresponding to carboxylic C=0O and
O-H stretching, respectively [14,24,25], increased signifi-
cantly, they whereas decreased greatly at 800 °C. In addi-
tion, the broad band between 1000 and 1200 cm™ corre-
sponding to phenolic C=0O and O-H stretching vibrations
[24] showed the same trend. From these results, it can be
suggested that the increase of these functional groups results
from the conversion of functional groups in a low oxidation
state to such in a high oxidation state by means of N, treat-
ment [24]. Meanwhile, the great decrease of these func-
tional groups at 800 °C is attributed to the partial release of
these groups or conversion into other functionalities [24]. In
contrast the bands at 2922 and 2854 ¢cm™' corresponding to
C—H stretching vibrations [14] showed an opposite trend.
This may be due to conversion to other oxygen functional
groups. In addition, a slight decrease of the bands in the
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Fig. 3. FT-IR spectra of ACs. (1) H-AC-800N,; (2) H-AC-600N,; (3)
H-AC-400N,; (4) D-AC.

range of 3150-3650 cm ™' may be due to release of chemi-
sorbed water. These results indicate that oxygen functional
groups such as carboxylic and phenolic groups increased
when the sample was treated at 600 °C in nitrogen.

FT-IR spectra of the H-AC before and after treating in H,
at 600 °C are compared in Fig. 4. A remarkable decrease of
the band at 1630 cm™' and a slight decrease of the band at
1387 ecm™' corresponding to carboxylic C=0 and O-H
stretching vibrations, respectively, implied that the carbox-
ylic groups significantly decreased after treating in H,.
Similarly, a significant decrease of the broad band between
1000 and 1200 cm™" indicates that the phenolic groups de-
creased greatly after treating in H,. In addition, a decrease
of the relative intensity of the band in the range of
3150-3650 cm™' indicated a decreased content of hydroxyl
groups, which may be due to the decrease of carboxylic
groups or release of chemisorbed water. These results imply
that the oxygen functional groups such as carboxylic and
phenol groups decreased significantly after H, treatment at
600 °C.

2.2 Catalytic activity

We study the catalysis of nitrobenzene hydrogenation by
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Fig. 4. FT-IR spectra of ACs. (1) H-AC; (2) H-AC-600H,.
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modified ACs using hydrazine hydrate as reductant. The
time to reach 100% nitrobenzene conversion is considered
to be the best measure of the catalytic activity for this reac-
tion [27]. The effect of acid treatment on nitrobenzene hy-
drogenation is shown in Fig. 5. A blank test without catalyst
is first performed. In the absence of AC, nitrobenzene is not
reduced by hydrazine hydrate, indicating that the catalyst is
essential for this reaction. As shown in Fig. 5, all ACs under
investigation showed similar behavior for nitrobenzene hy-
drogenation. After 1 h of reaction the nitrobenzene conver-
sions over the D-AC, H-AC, S-AC, and N-AC were
46.09%, 93.67%, 83.47%, and 74.26%, respectively. The
time to reach 100% nitrobenzene conversion is 2 h for the
H-AC, 3 h for the N-AC, 3.5 h for S-AC, and 7 h for the
D-AC, respectively. The H-AC, N-AC, and S-AC samples
showed higher activity than the D-AC, and the H-AC shows
the highest activity among these samples. From Fig. 2 the
amount of oxygen functional groups on the surface of the
ACs had increased after acid treatment implying the amount
of the oxygen functional groups on the surface of AC may
be conducive to the catalytic activity.

100 [
90 -
80 [
70 1),
60 l2)
s0
40 -
30 [(4
o 1 2 3 4 s 6 71
Time (h)

Conversion of nitrobenzene (%)

Fig. 5. Effect of different acids treatment on catalytic activity. (1)
H-AC; (2) S-AC; (3) N-AC; (4) D-AC. Reaction conditions: nitroben-
zene 4.89 mmol, ethanol 5 ml, 0.3 g catalyst, n(hydrazine hy-
drate):n(nitrobenzene) = 2.5, 80 °C.

Because the H-AC showed the highest activity among all
the catalysts, the H-AC was thermally treated in nitrogen at
400, 600, and 800 °C, respectively, to investigate the effect
of the oxygen functional groups on catalytic activity. The
results are indicated in Fig. 6. After 1.5 h of reaction, the
conversion of nitrobenzene reached 100% for the
H-AC-600N,, 97.12% for the H-AC-400N,, and 41.44% for
the H-AC-800N,, respectively. The H-AC-600N, showed
the best catalytic activity expressed as a decrease in the time
to reach 100%. From the FT-IR results shown in Fig. 3, the
amount of oxygen functional groups on the surface of the
H-AC increased slightly as the treatment temperature in-
creased from 400 to 600 °C in N, atmosphere, but greatly
decreased with further increase of the treatment temperature

100 |
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0 2 4 6 8 10
Time (h)

Fig. 6. Effect of nitrogen treatment on the catalytic activity. (1)
H-AC-800N,; (2) H-AC-600N,; (3) H-AC-400N,. Reaction conditions
are the same as in Fig. 5.

up to 800 °C. The AC treated at excessively higher tem-
peratures (800 °C) result in relatively low catalytic activi-
ties, and it is likely to be due to the decrease in the amount
of the oxygen functional groups on the H-AC surface.

The H-AC sample was also thermally treated in H, at 600
°C to further investigate the effect of the oxygen functional
groups on catalytic activity. The result is shown in Fig. 7.
Over the H-AC sample the reaction completed within only 2
h. However, the conversion of nitrobenzene reached 100%
in 8 h over the H-AC-600H, sample. This result indicates
that the reaction rate decelerated significantly after hydro-
gen treatment at 600 °C. As it is shown in Fig. 4, the bands
at 1630, 1387, and 1103 cm™' corresponding to carboxylic
C=0 and O-H and phenolic C-O and O-H stretching vi-
brations also decreased after hydrogen treatment. This result
indicates that the decrease of the amount of oxygen func-
tional groups is unfavourable to the hydrogenation of nitro-
benzene. Therefore, the amount of oxygen functional groups
on the surface of activated carbon is a key factor for this
reduction.

The performance dependence of the H-AC sample on re-

100 [
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80| (1
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60 -
50
40 |-
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20 b
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Time (h)
Fig. 7. Effect of hydrogen treatment on the catalytic activity. (1)
H-AC; (2) H-AC-600H,. Reaction conditions are the same as in Fig. 5.

Conversion of nitrobenzene (%)
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action temperature has been studied over the range between
60 and 90 °C. The influence of the reaction temperature on
the conversion of nitrobenzene is shown in Fig. 8. At 60 °C,
the conversion of nitrobenzene was 56.05% after 2 h of
reaction. With increasing the temperature to 70 °C, nitro-
benzene conversion increased to 75.48% at 2 h. When the
temperature reached to 80 °C, the reaction completed within
2 h. The results show that the reaction rate was accelerated
with increasing temperature. In addition, the reaction com-
pleted within an hour at 90 °C, and the reaction rate was too
fast to study the reaction mechanism. Therefore, the reac-
tion temperature of 80 °C is more appropriate.

~ 100f
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Fig. 8. Effect of different reaction temperature on catalytic activity.
(1) 90 °C; (2) 80 °C; (3) 70 °C; (4) 60 °C. Reaction conditions are the
same as in Fig. 5 except reaction temperature.

The reuse of the H-AC was investigated to determine if
the relatively simple catalysts can be reused. The result is
shown in Fig. 9. With the H-AC as catalyst, the reaction
completed within 2 h in the first experiment. After the reac-
tion had completed, two methods of recycling the H-AC
were applied. First, the H-AC was separated from the prod-
ucts, washed by ethanol several times, dried under air at 105
°C for 12 h. Then the H-AC was used for next reaction. The
reaction completed within 3 h, implying the reaction rate
decreased in the second experiment. Second, for the exter-
nal regeneration after the use in the batch reactor, the H-AC
was separated from the products, washed by ethanol several
times, dried under air at 105 °C for 12 h, and treated in N, at
600 °C for 4 h. After the re-treatment the reaction completed
within 2.5 h. This indicates that the catalytic activity of the
H-AC can be improved if it is subjected to a thermal reacti-
vation.

2.3 Adsorption of nitrobenzene by activated carbons

To find out how the adsorption of nitrobenzene was af-
fected on the AC samples, the isothermal adsorption of ni-
trobenzene was carried out by suspending with 0.3 g of the
AC samples in a mixture of 0.5 ml nitrobenzene and 5 ml
ethanol (solvent) in a closed vessel at 80 °C for 4 h (without

gloo

Q

5

5 9%

O

2

E 80

(25

o

f =]

S 70 D
5 2
(5]
N
060””\””\”‘ PN RS S NS S S

P U I
1.5 2.0 2.5 3.0 35
Time (h)

Fig. 9. Reuse of the catalyst. (1) Fresh H-AC; (2) Recycled H-AC; (3
Re-treated H-AC. Reaction conditions are the same as in Fig. 5.

0.0 0.5 1.0

hydrazine hydrate). The final bulk liquid phase was ana-
lyzed and its composition was compared with that of the
starting mixture. Table 2 shows the relative variation in the
bulk liquid phase after equilibration. Acid-treated activated
carbons showed greater capacity for nitrobenzene adsorp-
tion. The amount of nitrobenzene adsorbed on AC samples
descends in the orders of H-AC > S-AC > N-AC > D-AC.
According to the results from Fig. 2 the H-AC sample had
more surface oxygen functional groups than any other sam-
ple, indicating that the surface oxygen functional groups
were the important factor in the increase of nitrobenzene
adsorption, which can accelerate the reaction rate. There-
fore, the increase in the amount of the surface oxygen func-
tional groups is consistent with the increase of the reaction
rate.

2.4 Decomposition of hydrazine hydrate

When equilibrating the mixture of hydrazine hydrate and
ethanol (solvent) in the presence of the modified ACs, the
decomposition of hydrazine hydrate was observed. There-
fore, the decomposition of hydrazine hydrate was investi-
gated by a solution of hydrazine hydrate in ethanol in the
presence of H-AC, S-AC, N-AC, D-AC samples, respec-
tively (without nitrobenzene). The experiments were carried
out at 80 °C for several hours and hydrazine decomposition
gives NH; and N,. The gases released during the reaction
was measured with a gas burette, and then passed though a
trap containing 1.0 mol/L hydrochloric acid to ensure the
absorption of ammonia. It can be seen that the N-AC sample
showed the highest decomposition rate of hydrazine hydrate

Table 2 Adsorption of nitrobenzene on catalysts

Change of nitrobenzene concentration in

Sample L L
the bulk liquid phase after equilibration

H-AC 1.176%

N-AC 0.192%

S-AC 1.050%

D-AC 0.065%
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and the decomposition was completed within 2 h (Fig. 10).
The decomposition rates of hydrazine hydrate were in fol-
lowing orders of N-AC > S-AC > H-AC = D-AC. A high
decomposition rate of hydrazine hydrate resulted in the
greater decrease of the hydrazine hydrate concentration,
which decreased the reaction rate of the reduction of nitro-
benzene. Hence, the rate of the reduction of nitrobenzene
over modified ACs is in contrast with the decomposition
rate of hydrazine hydrate.

1600

T

“ v b b e b e b b by |
0 100 200 300 400 500 600 700
Time (min)

Fig. 10. Effect of different acids treatment on decomposition of hy-
drazine hydrate. (1) N-AC; (2) S-AC; (3) H-AC; (4) D-AC.

3 Conclusions

Activated carbons treated by simple inorganic acids were
directly used as catalysts in the reduction of nitrobenzene in
the presence of hydrazine hydrate. Our experiment results
show that catalytic activities can be attributed to the oxygen
functional groups on activated carbon. The activated car-
bons treated by different acids have different amounts of
oxygen functional groups which influence adsorption of
reactants and decomposition of hydrazine. Activated carbon
treated by hydrochloric acid, which has the most oxygen
functional groups, has shown to be the most active catalyst
in this reaction. Therefore, the amount of oxygen functional
groups on activated carbon plays an important role in this
reaction. These oxygen functional groups of activated car-
bon mainly include carboxylic groups, phenolic and lactone
groups. We will investigate which kind of oxygen func-
tional group is more effective for this reaction in the future.

References

1 Alvarez-Montero M A, Gomez-Sainero L M, Mayoral A, Diaz
1, Baker R T, Rodriguez J J. J Catal, 2011, 279: 389
2 Shukla P R, Wang S B, Sun H Q, Ang H M, Tade M. Appl

10

11

12

13

14

15
16

18

19

20

21

22

23

24

25

26

27

Catal B, 2010, 100: 529

TR, thEE, B, Hors, FAME, UE.
% (YuF W, Ji J B, Huo Ch, Han W F, Li X N, Liu H Zh. Chin
J Catal), 2005, 26: 485

EORHE, FERER, XRE, XL R (Lv Z P, Tang
H D, Liu C L, Liu H Zh. Chin J Catal), 2011, 32: 1250
BEE, T4, wBE, AN, B A5 Mao A
Q, Wang H, Tan L H, Lin X Y, Pan R M. Chin J Catal), 2011,
32:1011

Favuzza P, Felici C, Nardi L, Tarquini P, Tito A. App! Catal B,
2011, 105: 30

Yang H, Gong M C, Chen Y Q. J Nat Gas Chem, 2011, 20:
460

Lk, 485, WRIBLE, Br30F, sRiE, R, ARE. ¥
24k Ma S C, Jin X, Yao I J, Jin Y J, Zhang B, Dong S, Shi R
X. Acta Chim Sin), 2011, 69: 2179

Biniak S, Pakula M, Swiatkowski A, Bystrzejewski M,
Blazewicz S. J Mater Res, 2010, 25: 1617

Gomes H T, Miranda S M, Sampaio M J, Silva A M T, Faria J
L. Catal Today, 2010, 151: 153

Diaz Velasquez J J, Carballo Suarez L M, Figueiredo J L. App!
Catal 4, 2006, 311: 51

Sun L B, Wei X Y, Liu X Q, Zong Z M, Li W, Kou J H. Energy
Fuels, 2009, 23: 4877

de la Puente G, Pis J J, Menéndez J A, Grange P. J Anal App!
Pyrolysis, 1997, 43: 125

Dandekar A, Baker R T K, Vannice M A. Carbon, 1998, 36:
1821

Chen J P, Wu S N. Langmuir, 2004, 20: 2233

Huang C C, Li H S, Chen C H. J Hazard Mater, 2008, 159:
523

Kumar A, Prasad B, Mishra I M. J Hazard Mater, 2010, 176:
774

R, RE, B, AE. R (Zhuo L M, Wu H,
Liao X P, Shi B. Chin J Catal), 2010, 31: 1465

Zeynizadeh B, Setamdideh D. Synth Commun, 2006, 36:
2699

SR, R, B, B E. U (CaiK Y, Yue W,
ZhouY M, Wei X Y. Chin J Chem Reagents), 2009, 31: 945
Boehm H P. Carbon, 1994, 32: 759

Noh J S, Schwarz J A. Carbon, 1990, 28: 675

Contescu A, Contescu C, Putyera K, Schwarz J A. Carbon,
1997, 35: 83

Shin S, Jang J, Yoon S H, Mochida I. Carbon, 1997, 35: 1739
Fanning P E, Vannice M A. Carbon, 1993, 31: 721

Leony Leon C A, Solar J M, Calemma V, Radovic L R.
Carbon, 1992, 30: 797

Abd El Maksod I H, Hegazy E Z, Kenawy S H, Salch T S. Adv
Synth Catal, 2010, 352: 1169




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50167
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 799.370]
>> setpagedevice


