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a b s t r a c t

The textural structure and the surface property of activated carbon were selectively modified by KMnO4

oxidation. The activated carbon treated by KMnO4 oxidation in an acidic solution showed greatly
enhanced H2O2 production by hydroxylamine oxidation due to the creation of more surface quinoid
species, and the yield of hydrogen peroxide approached 78% (0.66 wt.%). Structure and surface analyses
vailable online 8 June 2010

eywords:
ydrogen peroxide
ctivated carbon
urface chemistry

revealed that KMnO4 oxidation in the acidic solution produced more phenolic but less carboxylic groups
on the activated carbon, confirming the crucial role of the quinoid groups. It was further proposed that
the quinoid groups serving as electron acceptors and redox mediators involved in the formation of H2O2

through a redox cycle.
© 2010 Elsevier B.V. All rights reserved.
elective modification
MnO4 oxidation

. Introduction

Hydrogen peroxide (H2O2) is one of the most environmentally
enign oxidants and it is widely used in fine chemical synthesis,
aper bleaching and waste water treatment [1]. Nowadays, H2O2

s mainly produced through the anthraquinone auto-oxidation (AO)
rocess, which is a multi-step, energy-consuming and waste gen-
rating process. The economics of this commercial process only
epends on large-scale production with effective recycling of the
rganic solution and the hydrogenation catalyst. Moreover, this
rocess produces concentrated H2O2, which is usually far from
he requirement of relatively low concentration of H2O2 in most
ractical applications [2,3]. Therefore, in situ and small-scale pro-
uction of H2O2 has attracted extensive attention. In this context,
he synthesis of H2O2 from hydrogen and oxygen molecules over
alladium catalysts has been developed [4,5]. However, this atom-
fficient and green process is hindered by the risk of explosion
elated to the direct mixing of O2 and H2 and the non-selective
ormation of water [6].

Hydroxylamine (NH2OH) is a strong reductive agent and can
e easily oxidized by molecular oxygen or air into H2O2 at ambi-

nt conditions in water [7,8]. Hence, the direct production of H2O2
rom NH2OH and O2 is regarded as a simple and clean process
ith nitrogen and water as the only by-products. To date, homo-

eneous manganese complexes [9,10] and supported noble metals

∗ Corresponding author. Tel.: +86 411 84379085; fax: +86 411 84694447.
E-mail address: shen98@dicp.ac.cn (W. Shen).

381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2010.05.022
(Au and Pd) [11–13] have been reported to be effective for this reac-
tion. In the homogeneous process, the turnover frequency (TOF) of
NH2OH could be as high as 104 h−1 owing to the tiny amount of
highly active Mn2+ species. Nevertheless, it suffers from the separa-
tion and recycle of the catalytic components. In the heterogeneous
system, the catalysts can be easily separated and reused, but the
high cost of precious metals and the low concentration of H2O2
(0.01–0.15 wt.%) are the major obstacles for the practical applica-
tion.

We have recently reported that activated carbon (AC) with-
out any precious metals acted as effective catalyst in the direct
production of H2O2 from NH2OH and O2 [14]. The yield of H2O2
could be as high as 46% (H2O2 concentration, 0.39 wt.%), in which
the surface oxygen-containing species on the ACs, especially the
quinoid groups, played essential roles. Therefore, it is expected that
the catalytic performance would be further promoted by creating
more surface oxygen-containing species. Liquid-phase oxidation of
AC with mineral acids, such as nitric acid, sulphuric acid or their
mixture, is conventionally used to introduce surface oxygen func-
tional groups. However, various types of surface oxygen-containing
species like carboxyls, anhydrides, hydroxyls, lactones and quinoid
groups are produced simultaneously [15]. Recently, selective treat-
ment of carbon surface has been attracted much attention. Zhang et
al. [16] have reported that oxidation with KMnO4 in alkali solution

is capable of creating more quinoid groups on the surface of car-
bon nanotubes. Additionally, KMnO4 oxidation in acidic solution
was found to yield less carboxylic groups but more surface defects
on carbon nanofibers [17]. By considering the fact that the direct
production of H2O2 from NH2OH and O2 requires more surface

dx.doi.org/10.1016/j.molcata.2010.05.022
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:shen98@dicp.ac.cn
dx.doi.org/10.1016/j.molcata.2010.05.022
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Fig. 1. N2 adsorption–desorption isotherms (A) and pore s

uinoid groups, in this work, we treat a commercial AC with aque-
us KMnO4 solutions under mild conditions in order to selectively
odify the surface property. Correlation between the catalytic per-

ormance and the surface chemistry has been established and the
ossible reaction pathway has also been proposed.

. Experiments

.1. Surface modification

Five grams of activated carbon (200–300 mesh, Aldrich) was ini-
ially treated with 50 ml of concentrated hydrochloric acid (37%) to
emove the inorganic impurities and ashes. The mixture was stirred
t room temperature for 3 h, followed by thoroughly washing with
ot water until the filtrate was free of Cl− (detected by AgNO3). The
ample was dried at 110 ◦C overnight in vacuum, which was nom-
nated as AC. Thereafter, 1.5 g of AC was mixed with 30 ml of 0.2 M
MnO4 in 0.5 M H2SO4 or 0.2 M NaOH solutions. When treated in

he acidic solution, the mixture was stirred at 70 ◦C for 6 h, and
hen filtered and washed with concentrated HCl (37%) to remove
he MnO2. When oxidized in the basic solution, the carbon slurry
as refluxed for 40 min, and then 1.5 g of Na2SO3 was added, fol-

owed by the addition of 15 ml of 1 M H2SO4. Subsequently, both
he samples were washed alternatively with water, 0.01 M NaOH,
ater, and 0.5 M HCl until the filtrate was neutral. The AC samples
ere dried at 110 ◦C overnight in vacuum, and denoted as ACA and
CB, respectively. Here, A and B refer to the AC sample oxidized by
MnO4 in acidic and basic solutions, respectively.

.2. Characterization of the AC samples

Nitrogen adsorption–desorption isotherms were recorded on
Micrometrics ASAP 2000 instrument at −196 ◦C. Before the
easurement, the AC sample was outgassed at 150 ◦C overnight.

he specific surface area (SBET) was calculated by a multipoint
raunauer–Emmett–Teller (BET) analysis.

Chemical titration for quantitative analysis of the surface acidic
roups was based on the Boehm method [18]. Four series of AC
ample (0.5 g) were first added to four flasks (150 ml). Then, 50 ml
f 0.05 M sodium hydrogen carbonate (NaHCO3), sodium carbon-
te (Na2CO3), sodium hydroxide (NaOH) and sodium ethoxide
NaOC2H5) were added to the flasks, respectively. The flasks were
hen sealed and stirred at room temperature for 24 h. After recov-

ring the solution by filtration, 10 ml of aliquots were titrated with
.05 M of HCl and the surface oxygenated groups were determined
ccording to the following assumptions: NaHCO3 merely neutral-
zes carboxyls; lactones are decided by the difference between the
roups neutralized by Na2CO3 and NaHCO3; phenols are estimated
stributions (B) of the AC (a), ACA (b) and ACB (c) samples.

by the difference between the groups neutralized by NaOH and
Na2CO3; and carbonyls/quinones are determined by the difference
between the groups neutralized by NaOC2H5 and NaOH [19].

The pH values of the suspension were measured by dispersing
0.4 g of carbon powder into 20 ml of water, and the suspensions
were stirred overnight to reach equilibrium.

Fourier transformation infrared (FTIR) spectra of the AC sam-
ples were recorded with a Bruker Vector 22 spectrometer using
KBr pallet containing 0.5 wt.% of AC.

X-ray photoelectron spectroscopy (XPS) measurements were
performed with an ESCALAB MK-II spectrometer (VG Scientific Ltd.,
UK) using Al K� radiation with an accelerated voltage of 20 kV.
Charge effect was corrected by adjusting the binding energy (BE)
of C 1s to 285.0 eV. The surface atomic ratio of O/C was calculated
from the peak areas and the sensitivity factors of the elements [20].

Temperature-programmed desorption (TPD) was conducted
with a U-type quartz tubular reactor connected to a quadrupole
mass spectrometer (Omnistar, Balzers). 40 mg of AC sample was
loaded and heated to 900 ◦C at a rate of 10 ◦C/min under helium
flow (30 ml/min) and the outlet gas was monitored by the mass
spectrometer.

2.3. H2O2 production

The reaction of O2 and NH2OH was conducted in a jacketed
glass reactor (100 ml) under stirring at ambient conditions (25 ◦C
and atmospheric pressure), as described elsewhere [14]. Typically,
the reaction mixture contained 0.15 g of AC catalyst and 1.74 g
(25 mmol) of hydroxylammonium chloride (NH2OH·HCl) in 50 ml
water. Before the addition of AC, the pH value of the aqueous
solution was regulated to 8.6 by adding proper amounts of 1 M
NaOH solution. O2 (25 ml/min) was introduced through a mass flow
controller into the reaction medium. Aliquots of the reaction mix-
ture were withdrawn periodically and the concentration of H2O2
was analyzed using the colorimetric method based on titanium
(IV) sulphate [21]. The yield of H2O2 was calculated according to
the reaction stoichiometry (2NH2OH + O2 = N2 + 2H2O + H2O2). The
concentration of NH2OH·HCl was estimated by the colorimetric
method according to the ferric complexes of Fe (III)-1,10-
phenanthroline [22].

3. Results and discussion
3.1. Textural properties

Fig. 1 shows the N2 adsorption–desorption isotherms of the
AC samples. All the samples exhibited a combined characteristics
of type I and type IV isotherms, indicating the presence of both
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Table 1
Textural properties of the AC samples.

Sample SBET (m2/g)a Smic (m2/g)b Smes (m2/g)b Vmic (cm3/g)b Vtotal (cm3/g)c

AC 1776 908 868 0.401 1.580
ACA 1293 647 646 0.288 1.178
ACB 1038 647 391 0.285 0.799

a Calculated using the BET theory.
b Estimated according to the t-plot method.
c Calculated from the amount of gas adsorbed at relative pressure of 0.992.

Table 2
Results of Boehm titration and pH measurements of the AC samples.

Sample pH Content of surface groups (mmol/g)

Carboxylic Lactonic Phenolic Carbonylic Total acidic
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less existence of carboxyls and phenols. These two bands in the
ACA sample were enhanced greatly, suggesting that large amounts
of carboxyls, lactones and phenols were generated. The band at
1720 cm−1 was the most intensive in the ACB sample, confirming
AC 4.70 0.244 0.194
ACA 3.19 1.097 0.558
ACB 2.51 1.421 0.542

icropores and mesopores. The relative small hysteresis loop of
he ACB sample suggested the loss of large amounts of external
urface during KMnO4 oxidation in the basic solution. This is fur-
her confirmed by the pore size distributions of the AC samples.
ll the samples contained mesopores (50 nm > Dw > 2 nm), micro-
ores (2 nm > Dw > 0.7 nm) and ultramicropores (Dw < 0.7 nm) [23],
ut the micropores and the mesopores decreased significantly after
MnO4 treatments. Compared with the ACA sample, more meso-
ores were diminished in the ACB sample, indicating that severe
urface erosion in the basic solution occurred.

Table 1 lists the textural parameters of the AC samples. After
MnO4 oxidations, the pore structures were modified consider-
bly. The specific surface area of the parent AC was 1776 m2/g,
ut it decreased to 1293 m2/g for the ACA sample and 1038 m2/g
or the ACB sample. Simultaneously, the mesoporous surface area
ecreased to 646 and 391 m2/g for the ACA and ACB samples,
espectively. On the other hand, the microporous surface area of the
CA and ACB samples was almost the same. It seems that KMnO4
xidation destroyed the pore structures to some extent, especially
n the basic solution.

.2. Surface chemistry

.2.1. Boehm titration
Table 2 summarizes the results of Boehm titration and pH

easurements of the AC samples. Apparently, the amounts of sur-
ace acidic groups increased greatly after KMnO4 oxidations. The
mounts of carboxylic groups increased significantly to 1.097 and
.421 mmol/g for the ACA and ACB samples, respectively. Mean-
hile, the amounts of phenolic groups enlarged greatly to 1.147 and

.557 mmol/g for the ACA and ACB samples, respectively. Notably,
ore phenolic groups were generated on the surface of the ACA

ample, which was almost two times larger than that of the ACB
ample. Similar amount of lactones was formed on the ACA and
CB samples, and they were almost three times larger than that of

he parent AC.
Generally, the pH value of the carbon suspension is related to the

verall surface acidity. The ACA and ACB samples presented lower
H values than the parent AC, indicating the creation of more sur-
ace acidic groups. The pH value of the ACA sample (3.19) was higher
han that of the ACB sample (2.51) although their total amounts
f surface oxygen-containing groups were similar as determined

y Boehm method. This implies that more carboxylic groups were
enerated on the surface of ACB sample by KMnO4 oxidation in the
asic solution, leading to a lower pH value. On the other hand, a sig-
ificant increase in the quantity of phenolic groups was observed

n the ACA sample due to the mild oxidation with KMnO4 in the
0.137 0.129 0.704
1.147 0.366 3.167
0.557 0.633 3.153

acidic solution. As a result, fewer amounts of carboxylic groups but
more phenolic groups were generated in the ACA sample, resulting
in a relative higher pH value.

3.2.2. FTIR
Fig. 2 shows the FTIR spectra of the AC samples. The band at

1240 cm−1 is assigned to C–O stretching and O–H bending molds in
ethers, lactones, phenols and carboxylic anhydrides [20]. The band
at 1580 cm−1 is associated with C C double bond in quinone-like
structure, while the band at 1720 cm−1 is due to C O stretch-
ing vibration from lactones and carboxyl groups in the aromatic
rings [24,25]. The intensities of these typical bands in the ACA and
ACB samples were enhanced considerably. The bands at 1720 and
1240 cm−1 were relatively weak in the parent AC, indicating the
Fig. 2. FTIR spectra of the AC (a), ACA (b) and ACB (c) samples.
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Fig. 3. The XPS spectra of

hat the carboxylic groups were further enriched by KMnO4 oxida-
ion in the basic condition. This result is in good agreement with
hose of the Boehm titrations and pH measurements.

.2.3. XPS
Fig. 3 shows the XPS spectra of C 1s spectra in the AC samples,

nd the detailed results of curve fitting are listed in Table 3. The
1s spectra consisted of graphitic carbon (Peak I), phenolic, alco-

ol or ether groups (Peak II), carbonyl or quinone groups (Peak III),
arboxyl acidic groups (Peak IV) and �–�* shake-up satellite peak
Peak V) [26–28]. The oxidation of KMnO4 decreased the intensi-
ies of Peak I and Peak V, but increased the intensities of the peaks
scribed to carbon–oxygen groups [27]. Notably, the area of Peak IV
n the ACB sample (5.1%) was nearly two times larger than that of
he ACA sample (2.8%), indicating that more carboxylic groups were
roduced by KMnO4 oxidation in the basic solution, as confirmed
y Boehm titration and IR measurement.

Fig. 3 also shows the XPS spectra of O 1s in the AC samples, and
able 4 summarizes the deconvolution results. Three main peaks

orresponding to C O (Peak I), C–O (Peak II) and adsorbed water or
xygen molecules (Peak III) were observed [26–28]. The minor Peak
V, with a binding energy at 537.0 eV, can be ascribed to adsorbed
O or CO2 on the AC surface. Apparently, the intensities of Peak III

able 3
econvolution of the C 1s XPS profiles of the AC samples.

Sample Functional groups/binding energy (eV)

Peak I Peak II Peak III Peak IV Peak V
C–graphite C–O C O –COO– �–�*
284.9–285.0 286.3–286.5 287.8–288.1 289.5 291.2

AC 78.8 10.9 5.4 2.7 2.2
ACA 74.7 14.9 5.9 2.8 1.7
ACB 74.8 12.3 5.7 5.1 2.1
d O 1s in the AC samples.

and Peak IV lowered after KMnO4 oxidation, but the peaks ascribed
to carbon–oxygen groups intensified remarkably. The amount of
C O groups (Peak I) on the ACB sample was much large while
the C–O groups (Peak II) on the ACA sample were relatively rich.
This further confirms that more carboxylic groups were generated
by KMnO4 oxidation in the basic solution whereas more phenolic
groups were produced by the mild oxidation in the acidic solution.
Additionally, the surface O/C atomic ratios in the ACA and ACB sam-
ples enhanced greatly, indicating that surface oxygen-containing
species can be effectively created by KMnO4 oxidation.

3.2.4. TPD
Fig. 4 shows the TPD profiles of the AC samples. Upon heat-

ing, the surface oxygen-containing groups decompose into carbon
oxides [20,29,30]. CO2 desorption usually results from the decom-
position of carboxylic acids/anhydrides at low temperatures or
from the lactones at high temperatures; CO desorption originates
from the carboxylic anhydrides, phenols, ethers, carbonyls and
quinones [20]. Only small amounts of COx were detected on the

parent AC but significant amounts of COx were detected on the
ACA and ACB samples. Particularly, the amounts of CO desorbed
from the ACA sample were nearly two times greater than that of
the parent AC sample, confirming the creation of large amounts

Table 4
Deconvolution of the O 1s XPS profiles of the AC samples.

Sample Functional groups/binding energy (eV) O/C (%)

Peak I Peak II Peak III Peak IV
C O C–O H2Oads, O2ads CO2ads, COads

531.5–531.8 533.2–533.3 534.4–534.7 537.0

AC 26.6 44.9 22.0 6.5 7.3
ACA 28.3 55.3 14.6 1.8 16.9
ACB 38.0 47.0 11.9 3.1 19.7



W. Song et al. / Journal of Molecular Catalysis A: Chemical 328 (2010) 53–59 57

o
t
o
t
a

T
A

Fig. 4. TPD profiles of the AC, ACA and ACB samples.
f phenolic and carbonyl–quinone groups by KMnO4 oxidation in
he acidic solution. On the other hand, the amounts of CO2 des-
rbed from the ACB sample were about five times larger than that of
he parent AC mainly due to the significant formation of carboxylic
cids/anhydrides by KMnO4 oxidation in the basic solution.

able 5
mounts of desorbed CO2 and CO from the AC samples.

Sample CO2 (�mol/g) CO (�

Carboxyla Anhydrideb Lactonc Total Anhy

AC 103 280 215 598 280
ACA 481 934 602 2017 934
ACB 389 1370 677 2436 1370

a Desorption temperature: 240–245 ◦C.
b Desorption temperature: 365–375 ◦C.
c Desorption temperature: 550–565 ◦C.
d Desorption temperature: 455–470 ◦C.
e Desorption temperature: 620–635 ◦C.
f Desorption temperature: 785–800 ◦C.
g The ratio of (phenolic and carbonyl–quinone)/(carboxylic and anhydride).

Fig. 5. H2O2 yields and NH2OH conversions duri
Fig. 6. H2O2 yields over the homogeneous catalysts.

Table 5 summarizes the amounts of specific surface groups. The
amounts of CO2 and CO desorbed from the parent AC were only

598 and 3386 �mol/g, respectively, but they remarkably increased
to 2017 and 6561 �mol/g on the ACA sample. The amounts of CO2
and CO desorbed from the ACB sample were 2436 and 5687 �mol/g,
respectively. Compared with the ACA sample, more carboxylic

mol/g) Ratiog

drided Phenole Carbonyl–quinonef Total

2283 823 3386 –
4358 1269 6561 3.98
3037 1280 5687 2.45

ng NH2OH oxidation over the AC catalysts.
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Fig. 7. A possible reaction pathway

roups but less phenolic groups were formed on the ACB sample.
lmost the same amounts of lactones and carbonyl/quinones were
btained on both of the ACA and ACB samples. Therefore, KMnO4
xidation in the acidic solution favors to produce more phenolic
roups rather than carboxylic groups in the basic solution.

.3. H2O2 production

Fig. 5 shows the H2O2 yields and NH2OH conversions during
H2OH oxidation over the ACA and ACB catalysts. The yield of
2O2 remarkably increased during the initial stage and reached
0–40% after reaction for 200 min. On the ACB catalyst, the yield
f H2O2 further increased to 47% at 420 min, followed by a slight
ecline. On the ACA catalyst, however, the yield of H2O2 signifi-
antly increased to 68% at 420 min and 78% at 660 min, showing
remarkably enhanced performance. At 60 min, the formation

ates of H2O2 were 11.3 × 10−3 and 10.3 × 10−3 mmol/(m2 h) over
he ACA and ACB catalysts, respectively. When the reaction was
erformed for 660 min, however, the formation rate of H2O2
as 4.6 × 10−3 mmol/m2 h over the ACA catalyst but it was only

.2 × 10−3 mmol/m2 h on the ACB catalyst, clearly demonstrating
he higher activity of the ACA catalyst.

The ACA catalyst also exhibited a better selectivity towards H2O2
ormation than the ACB catalyst. For example, the selectivity of

2O2 was as high as 92% over the ACA catalyst whereas it was
nly 62% over the ACB catalyst, although the conversion of NH2OH
as similar between the two samples. This is apparently related to

he presence of more surface quinoid groups on the ACA catalyst,
enerated by the mild oxidation of KMnO4 in the acidic solution.
n the basic solution, however, the quinoid species might be fur-
her oxidized into carboxylic groups, which are not so effective for
he production of H2O2. As shown in Table 5, the relative ratio of
phenolic and carbonyl–quinone)/(carboxylic and anhydride) over
he ACA sample was 3.98, but it was only 2.45 on the ACB cata-

yst. Therefore, the higher catalytic performance of the ACA sample
s straightforwardly attributed to the surface richness of quinoid
pecies.

In order to identify the roles of the oxygen-containing species,
omogeneous reactions were performed under the same reaction
2OH oxidation over the AC catalyst.

conditions using organic compounds containing carboxyl, phenol,
quinone, or hydroquinone groups. As shown in Fig. 6, benzoic
acid had a very low H2O2 yield, indicating that the carboxylic
acids/anhydrides mainly enhanced the hydrophilicity to facilitate
the contacts between the aqueous reactants and the active sites.
2-Hydroxybenzoic acid, 4-hydroxybenzoic acid and benzene-1,3-
diol also showed low H2O2 yields, demonstrating that the phenol
groups only possibly participated in the production of H2O2. In
other words, the carboxylic acids/anhydrides and the phenols in the
ACs are not the essential functional groups in the formation of H2O2.
On the other hand, 1,2-dihydroxybenzene-3,5-disulfonate, dis-
odium salt monohydrate (Tiron), cyclohexa-2,5-diene-1,4-dione,
and hydroquinone gave much higher H2O2 yields, implying that
the carbonyls and hydroxyls on the surfaces of the ACs might be
the active species. Probably, the carbonyl pairs at the edge of the
carbon layers behaving as quinones and the hydroxyl pairs acting as
hydroquinones [31], are involved in the formation of H2O2 through
a redox cycle.

Fig. 7 illustrates the possible reaction pathway of H2O2 for-
mation. The quinone species (o-quinone) are initially reduced
by NH2OH to o-semiquinone and subsequently o-hydroquinone,
NH2OH loses protons and electrons, forming HNO. Then, o-
hydroquinone is oxidized by molecular oxygen to o-quinone,
releasing H2O2. The HNO intermediate reacts with NH2OH, pro-
ducing N2 and H2O. Here, NH2OH is considered as a sacrificial
reductant to convert o-quinone to the o-hydroquinone, similar
to the reaction mechanism proposed in the homogeneous system
[10]. In fact, this reaction route may start with any form of quinoid
structures because the quinone–semiquinone–hydroquinone cycle
could interact with either NH2OH or O2 easily, serving as electron
acceptors or donors [31,32].

4. Conclusions
Selective surface modification of AC by mild KMnO4 oxida-
tion yielded more quinones but less carboxylic groups, and thus
enhanced the production of H2O2 by NH2OH oxidation with a H2O2
yield of 78% (0.66 wt.%). Comparative tests using homogeneous
organic compounds as catalysts confirmed that the quinonoid
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