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a b s t r a c t

The effects of activated carbon fibers (ACF0, ACFH, and ACFN) on the degradation of methyl orange
were investigated in a pulsed discharge reactor. ACF0 fibers were modified with nitric acid (to yield
ccepted 8 February 2010

eywords:
urface modification
dsorption
atalysis

ACFH fibers) or ammonia (to yield ACFN fibers) to create fibers with different porous structures and
chemical properties. The adsorption properties of ACF0, ACFH, and ACFN depended on their pore diameter,
but the catalytic properties were independent of their chemical properties. Acidic and basic surfaces
both accelerated ozone decomposition, resulting in formation of hydroxyl radicals. Boehm titration and
Fourier-transform infrared spectral studies indicated that the numbers of acidic and basic groups on
ACF0, ACFH, and ACFN surfaces could be increased by this process, as could the surface areas and pores

d ACF
ynergistic effect volumes. ACF0, ACFH, an

. Introduction

In recent years, there has been growing interest in the develop-
ent of pulsed discharge methods for the degradation of colored
astewaters, including those containing reactive dyes and azo dyes

1–3]. The pulsed discharge process can generate a number of reac-
ive chemical species in water, such as oxygen-containing radicals
O•, HO•) and active molecular species (e.g. H2O2, H2, O3) [4]. The
rocess works primarily by oxidation and decomposition of organic
ollutants in the water by these reactive chemical species, thus
voiding generation of secondary pollutants.

Recent studies [5–8] have reported that activated carbon (AC)
an accelerate the production of HO• radicals from ozone decom-
osition. Liquid-phase discharge reactors can also be configured to
roduce ozone by injection of oxygen (or air) across high-voltage
ollow electrodes immersed in water [4], so there may be an advan-
age in using AC in combination with this process. Previous work
9,10] has shown that the combination of pulsed discharge and AC
nhances overall removal of phenol from solution. A recent study
11] has indicated that this combined treatment has a synergistic
ffect on the degradation of dyes in wastewaters. The superiority
f activated carbon fibers (ACF) over conventional AC can be seen

rom the micropore percentage and the narrow pore-size distribu-
ion. There may therefore be greater advantages to be obtained by
dding ACF, rather than AC, to a pulsed discharge reactor system
or decolorization processes. However, the combination of pulsed

∗ Corresponding author. Tel.: +86 835 288 2210; fax: +86 835 288 2182.
E-mail address: zh.plasma@yahoo.com.cn (S. Deng).
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N could also be regenerated in situ after repeated use.
© 2010 Elsevier B.V. All rights reserved.

discharge and ACF has not yet been investigated in wastewater
treatment.

The aim of the present research was therefore to evaluate the
effects of ACF in a pulsed discharge decolorizing system, focus-
ing on changes in the surface and chemical properties of the ACF.
Methyl orange (MO), which has a relatively high toxicity, a com-
plex structure, and high resistance to biodegradation, was chosen
as the model contaminant because it can be classified as both an
acid and an azo dyestuff, both of which are widely used in the textile
industry.

2. Materials and methods

2.1. Materials

Commercial viscose-based ACF felt, supplied by the Zichuan
Carbon Fiber Limited Company, Qinhuangdao, China, was cut into
3 mm × 3 mm pieces, rinsed with distilled water, and dried at 383 K
for 24 h. This material was designated ACF0. An ACF0 sample was
divided into two equal portions, and each portion was placed in a
200-mL jar, to which 10 M nitric acid or 10 M ammonia was added
at a ratio of 10 mL g−1 of felt. The jars were heated at 333 K for
6 h in a water bath equipped with a thermostat. The felt samples
were then washed with distilled water until the pH was neutral,
and dried in an oven at 383 K for 24 h. The felts modified by nitric
acid and ammonia were designated ACFH and ACFN, respectively.
2.2. Analytical methods

Nitrogen adsorption isotherms were determined at 77 K
using a Micrometrics ASAP 2000 analyzer (Micrometrics, Nor-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:zh.plasma@yahoo.com.cn
dx.doi.org/10.1016/j.cej.2010.02.023
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Fig. 1. Schematic of pulsed discharge reactor.

ross, GA, USA). The surface area was calculated using the
runauer–Emmett–Teller (BET) model. The pore-volume and pore-
ize distributions were obtained using density function theory.
nalysis of the ACF surface functionalities was carried out using
oehm’s method [12]. The point of zero charge (pHPZC) was
easured by the mass titration/pH equilibration method [13].

ourier-transform infrared spectra (FTIR) were recorded on a Nico-
et Impact 380 spectrometer (ThermoNicolet, Madison, WI, USA)
sing KBr pellets.

The MO concentration was determined against a prepared
tandard curve by measuring the absorbance at 465 nm with an
ltraviolet spectrophotometer (UV-762, Leici Limited Company,
hanghai, China). The MO solution pH and conductivity were mea-
ured using a PHSJ-3F pH meter and a DDB-11A conductivity
eter (Leici Limited Company, Shanghai, China), respectively. The

issolved ozone concentration was determined by the standard
odometric method [14]. The synergy intensities and the regen-
ration percentages of ACF0, ACFH, and ACFN, and the energy
fficiencies were calculated as described in previous work [11,15].
he chemical oxygen demand (COD) was measured with a CM-
2 COD analyzer (Beijing Shuanghui Corp., China) using the acidic
xidation by dichromate method.

.3. Experimental apparatus

The experimental apparatus consisted of a pulsed power supply
hich has been previously described [15], and a pulsed discharge

eactor consisting of a 400 mL glass vessel with a cooling water
acket for temperature control. A high-voltage electrode was intro-
uced into the reactor through a perforated resin plate at the
ottom. A ground electrode was placed 9 mm above the high-
oltage electrode. Oxygen was bubbled into the air chamber using a
as flowmeter, and then passed through the perforated resin plate
nto the discharge region. The sampling tube consisted of an injec-
or and part of a transfusion system, which included a flexible pipe
nd a liquid filter. The reactor is shown in Fig. 1.
The reactor reference conditions were as follows: five acupunc-
ure needles in parallel, with a needle spacing of 10 mm;
n electrode gap of 9 mm; an input voltage of 46 kV, with
00 pulses s−1; and an oxygen flow rate of 60 L h−1. The reactor
as filled with 200 mL MO solution (80 mg L−1, pH 6.1, conductiv-
Fig. 2. (a) Pore-size distribution and (b) FTIR spectra of ACF0, ACFH, and ACFN.

ity 20 �S cm−1), either with or without 0.25 g ACF, and the power
was applied. Samples from the reaction solution (5 mL) were taken
for analysis at given intervals.

The power supply applied a voltage to the high-voltage elec-
trode and the ground electrode. Electric discharge occurred in the
aqueous phase and in the gas phase when oxygen was bubbled
into the discharge reactor. HO• radicals and H2O2 were produced
in the liquid phase and ozone was generated in the gas phase.
These active species reacted with organic pollutants and mineral-
ized them to H2O and CO2. ACF was added to the discharge reactor
and suspended under vigorous stirring in a rising air flow. Syn-
ergistic combination between the pulsed discharge and the ACF
occurred. The operating conditions were estimated by preliminary
tests and the absence of diffusion limitations was verified.

3. Results and discussion

3.1. ACF pore structure and surface chemical characteristics

The pore structures and surface chemical characteristics of
ACF0, ACFH, and ACFN are illustrated in Fig. 2. The isotherms are
type I in the IUPAC classification system, indicating the dominant
presence of micropores. The differences in ACF0, ACFH, and ACFN
pore structures can be further deduced from Fig. 2a. The ACF0 pore-
size distribution was 0.59–1.7 nm, with a peak at 0.7 nm. The ACFN
pore-size distribution was 0.54–2.0 nm, with a peak at 0.7 nm. The
ACFH pore-size distribution was 0.68–1.1 nm, with a peak at 0.8 nm.
The differences in the surface chemical characteristics of ACF0,
ACFH, and ACFN can be deduced from the FTIR measurements
shown in Fig. 2b. In the range 3600–3100 cm−1, surface hydroxyl
groups and chemisorbed water give rise to a band of O–H stretch-
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Table 1
Pore structure and surface chemical characteristics of ACF samples.

Specific surface
area (m2 g−1)

Micropores volume
(cm3 g−1)

Mesopores volume
(cm3 g−1)

pHPZC Acidic groups
(�mol g−1)

Basic groups
(�mol g−1)

ACF0 829 0.3093 0.0030 6.74 0.123 0.06
ACFH 629 0.2321 0.0024 6.22 0.247 0.00

0.02
0.00
0.00
0.02
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ACFN 898 0.3271
Used ACF0 871 0.3259
Used ACFH 762 0.2778
Used ACFN 858 0.3241

ng vibrations [16–17]. The peaks at 3024 and 2966 cm−1 may be
ttributed to symmetrical and asymmetrical vibrations of aliphatic
CH, –CH2 and –CH3 groups [12,18]. The band at 1860–1650 cm−1

orresponds to the stretching vibrations of C O in carbonyl and
arboxyl groups [19]. The peak centered at 1639 cm−1 may result
rom the superposition of aromatic C C stretching vibrations and

O stretching vibrations in carboxyl, ester, lactone, and car-
onyl groups [12,16]. The complex band between 1600 cm−1 and
400 cm−1 can be attributed to stretching vibrations of aromatic

C with various substituents [19]. The peaks between 1400 and
300 cm−1 may correspond to deformation vibrations of aromatic
ings and O–H bending vibrations of carboxyl and hydroxyl groups
13,20]. The broad band at 1300–950 cm−1 is compatible with C–O
ingle-bond stretching vibrations in �- and ı-lactones, aromatic
nd aliphatic ethers, phenols, and epoxides [16,21]. The absorbance
trips between 910 and 650 cm−1 relate to inner and outer plane
eformations of substituted benzene rings [22].

For ACFH, the broad band of O–H stretching vibrations in
he range 3600–3100 cm−1 is noticeably more extensive. The

O vibrations of anhydride groups result in a broad band at
740–1810 cm−1, whereas the peaks due to “isolated” carboxyl
nd lactone groups should be sharper and more intense [23]. The
arboxyl C O stretching of an aromatic carboxylic acid generally
ppears at 1690 cm−1 [19]. The peak at 1460 cm−1 can be attributed
o C O and O–H bending vibration [19–20]. The peak at 1320 cm−1

an be attributed to C–O deformation vibrations [20]. The band
t 1045 cm−1 and the shoulder at 1110 cm−1 are attributable to
–O stretching vibrations [24]. The three bands at 880, 810, and
50 cm−1 are assigned to ring substitutions. These band positions
re characteristic of one to three adjacent hydrogen systems [12].
he peak at 605 cm−1 can be attributed to out-of-plane bending
ibrations of O–H.
In ACFN, there are obviously fewer acidic groups. The
and due to nitrogen-containing species appears in the region
750–1700 cm−1 [17]. A band due to vibrations of pyridine-

ike structures or cyclic amides (–C N–) appears in the region

ig. 3. Effect of ACF0, ACFH, and ACFN on MO removal in the absence and in the
resence of pulsed discharge (initial solution pH 6.1 and conductivity 20 �S cm−1).
51 7.96 0.105 0.28
69 6.18 0.286 0.08
72 5.84 0.446 0.03
40 7.45 0.264 0.29

1610–1480 cm−1. The band in the region 1470–1380 cm−1 may
include C–N– vibrations in heterocyclic structures. The band in the
region 1300–1000 cm−1 may result from tertiary nitrogen species
incorporated into the carbon structure. Cyclic compounds contain-
ing conjugated C C and C N may be responsible for the absorptions
observed below 900 cm−1.

Table 1 summarizes the various parameters of ACF0, ACFH, and
ACFN. Nitric acid oxidation (ACFH) brought about a reduction in
specific surface area, a reduction in micropore and mesopore vol-
umes, and a large increase in the number of acidic groups, which
resulted in a decrease in pHPZC. The reduction in micropore and
mesopore volumes may be due to acidic groups blocking partial
micropores and mesopores [25]. After ammonia treatment (ACFN),
specific surface area, micropore and mesopore volumes, and the
number of basic groups increased, and the number of acidic groups
decreased, which led to an increase in pHPZC. This is a result of
decomposition of partial acidic groups and formation of new basic
nitrogen-containing functionalities [26].

3.2. Effects of ACF in the combined treatment

3.2.1. Synergistic effects in the combined treatment
To determine the effect of ACF0, ACFH, and ACFN in the

combined treatment, a set of control experiments was carried
out with addition of ACF0, ACFH, or ACFN to the MO solu-
tion in the absence and in the presence of pulsed discharges,
as shown in Fig. 3. The adsorption of MO on ACF0, ACFH, and
ACFN in the absence of a pulsed discharge was found to depend
on the pore diameter. The MO molecular size (calculated using
Chemoffice software, CambridgeSoft, Cambridge, MA, USA) is
1.54 nm × 0.48 nm × 0.28 nm. For ACF0 and ACFN, MO molecules
can be adsorbed with flat configurations (1.54 nm × 0.48 nm),
oblique configurations (1.54 nm × 0.28 nm), and terminal group
interactions (0.48 nm × 0.28 nm). For ACFH, MO molecules can only
be adsorbed with flat and oblique configurations. The best adsorp-
tion was observed for ACFN because it had the greatest number of
micropores, and the lowest adsorption was seen for ACFH because it
had the fewest micropores. Fig. 3 also shows the existence of a syn-
ergistic effect in the combined treatment for ACF0, ACFH, and ACFN.
As shown in Table 2, the synergy intensities were positive within
9 min for ACFN, and positive within 6 min for ACF0 and ACFH. This

result indicates that the disappearance of MO molecules may result
from catalysis by ACF0, ACFH, and ACFN as well as from adsorption.

In the present study, a discharge reactor energy efficiency
of 6.36 g kW−1 h−1 for the ACF/pulsed discharge combination
was achieved. In a previous study, an energy efficiency of

Table 2
Synergy intensity of ACF samples in the combined treatment.

Time (min)

3 6 9 12 15 18 21

ACF0 23.2 6.6 −4.8 −13.9 −24.9 −34.2 −42.6
ACFH 19.5 2.8 −8.1 −16.7 −25.6 −35.2 −42.7
ACFN 24.6 11.1 1 −13.7 −24.4 −33.6 −42.2
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in COD removal may be due to: (i) mineralization of both dyes
and by-products to H2O and CO2 by reactive species produced in
the pulsed discharge and catalyzed by ACF; (ii) adsorption of a
fraction of the dyes and by-products on ACF. ACF therefore acts
ig. 4. COD removal in the presence of pulsed discharge (initial solution pH 6.1 and
onductivity 20 �S cm−1).

.66 g kW−1 h−1 was obtained for a pulsed discharge/AC combina-
ion [11]. Compared with the previous study (where the amount
f AC was 1.2 g and the solution concentration was 60 mg L−1), the
olution concentration increased and the amount of AC decreased,
ut the energy efficiency of the discharge reactor increased by
4.5%. Thus the combination of pulsed discharge and ACF can be
n effective approach to improving the overall energy efficiency of
he discharge reactor.

.2.2. COD removal in the combined treatment
COD removal was also examined to determine MO mineraliza-

ion, as shown in Fig. 4. Fig. 4 illustrates that COD removal reached
7% using pulsed discharge alone. The reactor is designed so that

t can use the ozone produced in pulsed discharge. Nevertheless,
zonation leads to the formation of by-products such as low molec-
lar weight acids [27]. The by-products appear to be resistant to
zone attack. This indicates that ozonation is more efficient for
ecolorization than COD removal is. However, for the combina-
ion of pulsed discharge and ACF0, ACFH, or ACFN, COD removal
ncreased to 88%, 84%, and 90%, respectively. It is obvious that the
ombined treatment significantly increased COD removal, and that
ow molecular weight acids were further mineralized to H2O and
O2, which led to an increase in the pH and a decrease in the con-
uctivity of the solution. The final pH values of the solutions were
.38, 5.56, 5.40, and 5.60, and the final solution conductivities were
5, 27, 30, and 25 �S cm−1, for discharge alone and in the presence
f ACF0, ACFH, and ACFN, respectively.

.2.3. Repeated use of ACF samples
To evaluate the type of contribution made by ACF0, ACFH, and

CFN to the combined treatment process, six cycles were per-
ormed with the same samples. This is shown in Fig. 5, using ACFN
s an example. The trends for ACF0 and ACFH were similar to that
or ACFN. COD removal was slightly lower in the second cycle than
hat in the first cycle. This difference may be because a fraction
f the MO molecules adsorbed in the micropores of ACFN were
ot desorbed from the adsorption sites. COD removal was almost
nchanged after the third cycle. This implies that adsorption of MO
n ACFN in the combined treatment differs from that in the absence
f a pulsed discharge. When the treatment time was extended, the
ynergy intensities in Table 2 decreased and quickly became nega-
ive. This is because most MO molecules have by then decomposed,

•
hich means that the probability of reacting with HO radicals is
educed. However, HO• radicals react with by-products during this
eriod and further mineralize them to H2O and CO2.

Adsorption of ACFN on MO was also tested in the absence of a
ulsed discharge under the same conditions. The results are shown
Fig. 5. Repeated use of ACFN for MO removal in the presence of pulsed discharge
(initial solution pH 6.1 and conductivity 20 �S cm−1).

in Fig. 6. COD removal was higher in the first and second cycles by
adsorption of ACFN. As the number of cycles increased, the adsorp-
tion performance of ACFN decreased and almost reached saturation
adsorption in the sixth cycle. By comparing COD removal with and
without pulsed discharge (Figs. 5 and 6), it can be further affirmed
that COD removal resulted from catalysis as well as from adsorption
on ACFN.

3.2.4. ACF catalysis in the combined treatment
Recent studies [5–7] have reported that AC can accelerate ozone

decomposition, resulting in the formation of HO• radicals. Basic AC
performs better in this process. To investigate the effect of func-
tional groups on the ACF surface in the combined treatment, the
dissolved ozone concentration was measured after the reaction.
The dissolved ozone concentration was 0.015 mM for discharge
alone, but was 0.005, 0.006, and 0.005 mM in the presence of ACF0,
ACFH, and ACFN, respectively. Thus, not only basic groups but also
some types of acidic groups can react with ozone. A possible mech-
anism is that basic groups and some acidic groups on the ACF
surface react with ozone by both electrophilic attack and cycload-
dition, leading to dicarboxylic acids and H2O2 as by-products.
H2O2 is then transformed to surface HO• radicals, catalyzed by
the �-electrons of the basal planes [8]. Consequently, the com-
bined treatment significantly increased COD removal. The increase
Fig. 6. Adsorption behavior of MO on ACFN in the absence of pulsed discharge (initial
solution pH 6.1 and conductivity 20 �S cm−1).
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Fig. 7. FTIR spectra of ACF0, ACFH, and CFN after use.

ot only as an adsorbent, but also as a catalyst during pulsed dis-
harge.

.3. Influence of pulsed discharge on pore structure and surface
hemistry

The pore structures of ACF0, ACFH, and ACFN after use are shown
n Table 1. The nitrogen adsorption isotherm type was unchanged.
he micropore and mesopore volumes of ACF0 increased after use.
his may reflect a reaction of the amorphous carbon on the ACF0
urface with oxygen atoms produced in the pulsed discharge, which
eads to development of a microporous structure. In the latter phase
f the reaction, the enlarging of existing pores and the formation
f large pores by burnout of the walls between adjacent pores
lso takes place. The micropore and mesopore volumes of ACFH
ncreased significantly after use. In addition to the reasons men-
ioned above, partial decomposition of the acidic groups directed
way from the micropores may occur, which would enlarge these
ores. The micropore and mesopore volumes of ACFN decreased
lightly after use, which is attributed to the fixation of acidic groups
roduced inside these pores, which would effectively reduce their
ize.

The surface chemical characteristics of ACF0, ACFH, and ACFN
fter use are illustrated in Fig. 7 and Table 1. Comparison with Fig. 2b
hows no new peaks in the range above 1000 cm−1 in the used sam-
les, only enhancement of the existing peaks, which indicated an

ncrease in the number of acidic groups. This is in good agreement
ith the Boehm titration results. In the range below 1000 cm−1, a
ew band appeared for ACFN, and a primary band disappeared for
CFH, which indicated that the benzene ring substituents derived

rom surface modification are unstable. The changes in the pore
tructures of ACFH and ACFN may be related to this finding.

The number of acidic and basic groups in all three samples
ncreased; the increase in the number of acidic groups was greater
Table 1). Because the temperature in the plasma channel dur-
ng pulsed discharge is very high, treatment with oxygen plasma
ncreases the numbers of all chemical groups on the surface, includ-
ng basic groups [28]. This is in good agreement with the observed
ecrease in pHPZC.

.4. ACF regeneration

The adsorptive capacities of ACF0, ACFH, and ACFN after the

ixth cycle were investigated by measuring the amount of MO
dsorbed. The initial adsorptive capacities of ACF0, ACFH, and ACFN
ere 150, 133.6, and 155.6 mg g−1, respectively; after the sixth

ycle the values were 131.6, 119.6, and 137.9 mg g−1. Thus, ACF0,
CFH, and ACFN could be regenerated in situ during the combined

[

[
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treatment. ACFH had the largest regeneration rate (89.5%). This
can be explained by the increase in its micropores and mesopores,
which would increase its adsorption performance.

4. Conclusions

Surface modifications of ACF0 led to very different porous struc-
tures and chemical properties. Nitric acid oxidation (ACFH) reduced
the specific surface area and the micropore and mesopore volumes,
and increased the number of acidic groups. Ammonia treatment
(ACFN) increased the specific surface area, the micropore and meso-
pore volumes, and the number of basic groups, and decreased the
number of acidic groups.

A synergistic effect appeared in the combined treatment using
pulsed discharge and ACF0, ACFH, or ACFN. The disappearance of
MO molecules may be caused not only by adsorption on ACF0, ACFH,
and ACFN, but also by catalysis. ACF contributed in two ways in
pulsed discharge: by acting as an adsorbent that removed a fraction
of the unreacted MO molecules and of the by-products produced
by degradation of MO; and by acting as a catalyst that promoted
decomposition of ozone on the catalyst surface, producing HO•

radicals.
Because of surface oxidation in the pulsed discharge process, the

surface area and pore volumes of ACFN were altered only slightly
after use, but for ACF0 and ACFH these properties were altered sig-
nificantly. The numbers of acidic groups and basic groups on the
ACF0, ACFH, and ACFN surfaces increased. ACF0, ACFH, and ACFN
could be regenerated in situ in the combined treatment.
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