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An integrated granular activated carbon (GAC) adsorption/dielectric barrier discharge (DBD) process was
applied to the treatment of high concentration pentachlorophenol (PCP) wastewater. The PCP in water
firstly was adsorbed onto GAC, and then the degradation of PCP and regeneration of exhausted GAC were
simultaneously carried out by DBD. The degradation mechanisms and products of PCP loaded on GAC were
analyzed by EDX, FT-IR and GC-MS. The results suggested that the C—Cl bonds in PCP adsorbed by GAC
were cleaved by DBD plasma, and some dechlorination and dehydroxylation products were identified. The
adsorption capacity of adsorption/DBD treated GAC could maintain relatively high level, which confirmed
that DBD treatment regenerated the GAC for subsequent reuse. The adsorption of N,, Boehm titration and
XPS were used to investigate detailed surface characterizations of GAC. It could be found that DBD plasma
not only increased the BET surface area and pore volume in micropore regions, but also had remarkably
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impact on the distribution of the oxygen-containing functional groups of GAC.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Activated carbon (AC) is profusely used as an efficient and
versatile adsorbent in decontamination processes because of its
extended surface area, high adsorption capacity, developed porous
structure and special surface reactivity [1-4]. However, the adsorp-
tion by ACis not the final pollutants disposal method, resulting only
in the transition of the toxic organic substances from the liquid or
gas phase to the solid phase. In addition, AC is relatively expensive
and easily saturated; thus it would not only be uneconomic but also
bring about environmental secondary pollution if the exhausted
AC is not effectively treated [5]. Therefore, simultaneous degrada-
tion of pollutants adsorbed by AC and regeneration of exhausted AC
appear to be considerable alternative which may be economically
more attractive for a wider application of AC in pollution control
processes.

The dielectric barrier discharge (DBD) was originally proposed
by Siemens as far back as 1857. Since then, many research groups
have investigated the feasibility of its various applications. Pro-
posed uses include the sterilization of bacteria in soil [6], activation
of polymers [7], cleaning and modification of material surface
[8-10], and O3 generation [11]. One of the most important uses
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of DBD plasma technology is in environmental pollution control
because it can generate various active species (ions, radicals, Os,
etc.), which can rapidly react with most of the target compounds
[12-15]. As people pay more attention to environmental-protection
issues, DBD plasma technology alone cannot meet more and more
strict standards for discharge of pollutants.

Accordingly, an integration of adsorption and discharge plasma
decomposition has emerged as one of the most promising options
for the treatment of contaminations due to the high degradation
efficiency for pollutants and the reusability for adsorbent, and has
been reported by some scientists recently [16-19]. But there is a lit-
tle literature on DBD plasma to degrade organic pollutants loaded
on AC and regenerate AC simultaneously. It has been reported that
AC itself could accelerate the decomposition of O3 to form higher
oxidation potential *OH radicals under alkaline condition [20]. In
the process of DBD, O3 can be generated, which may be more
effective for the oxidation of pollutants loaded on AC. Our previ-
ous work also suggested that DBD plasma could regenerate spent
granular activated carbon (GAC) exhausted with dye [21]. There-
fore, an integration of AC adsorption/DBD decomposition process
may synergize the advantages of individual AC adsorption and DBD
decomposition, as well as overcoming their respective limitations.

In this study, we designed a bench-scale experiment to inves-
tigate a facile water treatment technique, which integrated GAC
adsorption and DBD plasma treatment for the removal of pen-
tachlorophenol (PCP). Two main aspects were examined: the
decomposition of PCP adsorbed by GAC from water and the regener-
ation of GAC for reuse. The two processes were successfully realized
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simultaneously by the assistance of DBD plasma. PCP was chosen as
target because of its high toxicity, persistence and bioaccumulation
in aquatic organisms.

2. Experimental
2.1. Materials

The GAC (1.5 mm diameter, 3.0-5.0 mm length) used in this
study was columned coal-based carbon and manufactured by
Shenyang Chemical Reagent Factory, China. The GAC was pretreated
as follows: firstly, the GAC was immersed in sodium hydroxide
(0.1 molL-1) for 24 h, and then heated in boiling water for 30 min,
washed with deionized water to remove fine particles and impuri-
ties, and lastly dried at 378 K for 24 h. The clean GAC was stored in
a desiccator for use.

PCP (purity >95%) was purchased from the Chemical Plant of
Nankai University. All other organic and inorganic reagents used
were analytical grade (Tianjin Fuyu Fine Chemical Co., Ltd. and
Shenyang Chemical Reagent Factory, China). Concentrated stock
solutions of PCP were made by dissolving the PCP powder in
0.1 mol L1 sodium hydroxide solution. Subsequent concentrations
for experiments were obtained by diluting the stock solution with
deionized water.

2.2. Methods

PCP loaded on GAC was obtained by mixing 400 mL of PCP solu-
tion (2000 mgL~1) with 10.0 g pretreated GAC in 500 mL flasks. The
flasks were sealed and placed in a thermostatic shaker (150 rpm,
298 K) for 4 days to obtain equilibrium.

The schematic diagram of the experimental apparatus was
shown in Fig. 1. It mainly consisted of an alternating current high-
voltage power supply and a DBD reactor. The frequency of the
power supply was 200Hz and the voltage was adjustable from 0
to 50kV. The ground electrode of DBD reactor was round metal
net, diameter was 60 mm. The GAC was filled on the ground net
electrode. The discharge electrode (round thin metallic slice, thick-
ness 2mm, diameter 100 mm) was placed onto quartz barrier
(foursquare thin quartz slice, thickness 2 mm, side length 150 mm).
The gap space between the quartz barrier and ground net electrode
was maintained at 6 mm. The O, was impregnated into the reactor
to generate various active species. At terminal of the experiment
setup, a bottle containing 50 mL of 10% KI solution was used to
collect exhaust gas. The O3 monitor (EG-2001, EBARA JITSUGYO)

was used for the quantification of O3 concentration from reac-
tor.

2.3. Analysis

The determination of PCP concentrations in solution
was performed by a HPLC using a Hypersil ODS (25pm,
4.6mm x 250 mm) reverse phase column, a methanol:water
(1% acetic acid)=0.9:0.1 mLmin~! of the mobile phase and UV
detector (220nm). The PCP residues on GAC were extracted in
a conical flask using a 60 mL mixture of acetone and n-hexane
(v/v=1:1) with 1 mL of 37% hydrochloric acid added. The conical
flask was kept shaking at 150 rpm for 60 min, and then ultrasonic
extracting for 60 min. The extraction procedures were repeated for
six times. Afterwards, the extract was evaporated in a water bath
to incipient dryness. The resultant sample was dissolved in sodium
hydroxide and analyzed by HPLC.

An Agilent 6890N gas chromatography (GC) coupled with an
Agilent 5975 mass selective (MS) detector and a capillary col-
umn (30m x 0.25 mm x 0.25 wm) were used for the identification
of intermediates and decomposition products. The pretreatment
method of sample before GC/MS analysis, as described above, the
intermediates and decomposition products residues on GAC firstly
should be extracted, and then be concentrated.

The composition of virgin, saturated and adsorption/DBD
treated GAC was determined by energy-dispersive X-ray spec-
troscopy (EDX, NORAN system). The Fourier transform-infrared
(FT-IR) spectroscopy was applied in the characterization of the
chemical bonds of the GAC samples. Sample discs were prepared by
mixing 1 mg of the samples with 500 mg of KBr in an agate mortar
and scanned in a range from 4000 to 400 cm~! using an EQUINOX55
spectrophotometer, 100 scans were taken at a resolution of 4 cm~1.

The structural properties of GAC were obtained from the physical
adsorption of N, at 77 K determined by a Quantachrome autosorb-1
adsorption apparatus. The surface area was calculated using the BET
equation, micropore volume by the t-plot and micropore size dis-
tribution (PSD) by using the Dubinin-Radushkevich (DR) equation
[22]. The total pore volume was estimated to be the liquid volume
of nitrogen at a relative pressure of about 0.99. Before and after
DBD treatment, the adsorption equilibrium isotherms of PCP on
GAC were measured according to the method provided by Abdul
and Campbell [23] for the evaluation of adsorption capacity. Various
chemical functional groups of GAC surface were determined using
the titration method of Boehm [24]. The pH values of the GAC sam-
ples were evaluated according to ASTM standard procedure D3838
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Fig. 1. Bench-scale apparatus of dielectric barrier discharge for PCP decomposition.
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Fig. 2. The changes of PCP residues on GAC and O3 concentration under different
discharge voltages.

[25]. Briefly, 2.0 g of GAC was placed in 50 mL of hot water and boiled
gently for 30 min, then the flash content was filtered, the cooled fil-
trate was measured by pH meter. X-ray photoelectron spectroscopy
(XPS) analyses were conducted with an ESCALAB MK-II spectrom-
eter (VG Scientific Ltd., UK) using AlKx radiation (1486.6 eV) with
pass energy of 20eV. A Shirley-type background was subtracted
from the signals. After the baseline had been subtracted, the curve
fitting was performed assuming a mixed Gaussian:Lorentzian peak
shape. The components of the C{5 and O peaks were fitted accord-
ing to the model presented by Desimoni et al. [26] and Weitzsacker
etal. [27].

3. Results and discussion
3.1. Decomposition of PCP loaded on GAC by DBD plasma

As mentioned above, DBD process can generate large numbers of
active species (such as ions, radicals and O3), ultraviolet light, heat
and so on, which were directly relative to the discharge voltage
[28]. Therefore, the discharge voltage was regarded as one of the
most important parameters for the degradation of PCP loaded on
GAC.

In this study, the investigated discharge voltage levels were 9.0,
12.0, 14.6, 17.6, 20.4 and 21.2kV, and other parameters remained
constant, namely, adsorption capacity of GAC for PCP 79.6 mgg™!,
power frequency 200 Hz, treatment time 60 min, treatment amount
2.0 g, water content of GAC 37.5% and 2 Lmin~! O, was impregnated
into the reactor (in following context, unless special conditions
were required, all experiments were conducted at this condition,
and discharge voltage was 20.4 kV). The results for PCP residues on
GAC were plotted in Fig. 2. It was observed that PCP residues on GAC
decreased with the increases of the discharge voltage.

In lower voltage, the concentration of O3 was present in lower
values in DBD with GAC. As the discharge voltage increased the
03 concentration increased (Fig. 2). The results indicated that PCP
residues on GAC were relative to O3 concentration. As we have
known, GAC itself could improve the decomposition of O3 to yield
free radicals, such as *OH, HO,~, O,~, and immobiled radicals
GAC-0, GAC-03, and the catalytic effect of GAC was prominent,
as expressed by the following (1)-(4) reactions [29-31]. They could
react with adsorbed pollutants on GAC [20] and was sufficient for
the rupture of chemical bonds of PCP:

03 +H0 + 26~ = 0, +20H" 1)

03 +GAC S GAC—O0 + O3 — ... — Hp050rHO,~ 2)

03+GAC — ... — *OH (3)

03+GAC - ... - *H,0 (4)

3.2. Degradation mechanism analysis

3.2.1. EDX analysis

Fig. 3 shows EDX of the virgin, saturated and adsorption/DBD
treated GAC. No Cl peak was identified for virgin GAC, but higher
Cl peak was found for the GAC exhausted with PCP. After the satu-
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Fig. 3. Energy-dispersive X-ray spectroscopy of: (a) the virgin, (b) saturated and (c)
adsorption/DBD treated GAC.
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Fig. 4. FT-IR spectra of the virgin, saturated and adsorption/DBD treated GAC.

rated GAC was treated by DBD plasma, the Cl peak had a significant
decreases, which indicated DBD plasma causing the dechlorination
of PCP loaded on GAC.

3.2.2. FT-IR analysis

The transmission FT-IR spectrometry was applied for the char-
acterization of the chemical bonds of the GAC surface. FT-IR spectra
of the virgin, saturated GAC exhausted with PCP and adsorp-
tion/DBD treated GAC were depicted in Fig. 4. It could be noticed
that the peaks at ~3440, ~1570 and ~1100 cm~! appeared for all
the GAC samples, which suggested that they possessed similar
groups on their surface. The broad band centered at ~3440 cm™!
could be assigned to v(O—H) stretching vibrations in water or phe-
nolic hydroxyl groups associated by hydrogen bonds, carboxylic
groups [32-34]. The band around 1570 cm~! was mainly associated
with the aromatic ring stretching of C=C groups [35]. The peak at
~1100 cm~! was usually assigned to C—O stretches in lactonic, ether
and phenol groups [34]. In ~3440, ~570 and ~1100cm™! regions,
as shown in Fig. 4, the saturated GAC presented more pronounced
bands than virgin GAC, but the peaks of GAC sample after DBD
plasma treatment had an obvious decreases. It might be the rea-
son that the PCP adsorbed on GAC could increase the O—H, C=C and
C—O0 groups. After DBD plasma treatment, PCP was decomposed,
therefore, the intensity of O—H, C=C and C—O0 groups decreased.
The virgin GAC showed less bands around 1640-1750 cm~!, which
was usually caused by the stretching vibration of C=0 in ketones,
aldehydes and carboxyl groups [34-37], while they were less pro-
nounced for the saturated GAC than that for treated carbon.

It was interesting to admit that ~670cm~! band, which was
attributed to stretching vibration of Ar—Cl, strongly increased and
slightly decreased in the spectra of saturated GAC and DBD plasma
treated carbon, respectively. It was consistent with the results
obtained by EDX, suggesting that the PCP on GAC was decomposed
to be 4-chlorophenol, 3-chlorophenol, other phenols without chlo-
rine, etc., which would be hereinafter confirmed.

3.2.3. Identification of intermediates by GC-MS

For the saturated GAC sample, PCP, chlorophenol ramifications
and some impurity peaks were detected (Fig. 5(a)). When analyzing
the GAC sample by DBD treatment for 60 min, the chromatographic
peaks of components in the extraction were shown in Fig. 5(b).
It was found that besides the components mentioned above,
two main dechlorination intermediate products, tetrachlorophe-
nol (TetraCP) and trichlorophenol (TriCP), were distinguished, and
a minor amount of dehydroxylation products and trichlorobenzene
(TriCB) was also identified, which was consistent with the results
obtained by Liu et al. [38] and Anotai et al. [39]. While in treat-

ing p-chlorophenol with O3, Andreozzi and Marotta [40] detected
chloride, glyoxalic acid, maleic acid, formic acid and CO,, as the final
decomposition products. Shen et al. [41] found carboxylic acids in
the courses of decomposition of p-chloronitrobenzene in water by
ozonation. Thus it was deduced that part of PCP might be converted
to CO, and various small molecule acids ultimately in our process.

3.3. The GAC regeneration by DBD plasma

In order to evaluate the adsorption capacity of PCP on GAC
samples, the adsorption isotherms of PCP on virgin GAC and adsorp-
tion/DBD treated GAC were shown in Fig. 6. It was clear that the
adsorption capacity of adsorption/DBD treated GAC could maintain
relatively high level, which confirmed that DBD treatment regen-
erated the GAC for subsequent reuse, but was lower than that of
virgin GAC. Our previous work also confirmed this point [21].

It was intuitively understandable that the adsorption of organic
compounds onto GAC depended on its structural properties.
Therefore, some relevant surface properties of virgin GAC and
adsorption/DBD plasma treated GAC were summarized in Table 1.
The adsorption/DBD treated GAC sample exhibited larger pore vol-
ume and specific surface area, especially micropore area. The result
of the PSD measurement using the DR method provided the distri-
bution of pores in the range 1-20 A. The PSD of the two samples
(Fig. 7) showed that the adsorption/DBD treated GAC had more
micropores than virgin GAC.
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Fig. 6. Adsorption isotherms of virgin and adsorption/DBD treated GAC for PCP

(temperature: 298 + 1 K).

Table 1

Structural properties of the virgin and adsorption/DBD treated GAC samples.

GAC Sample SBET SMicrupore VMicropure VTotal pore
(m>g") (ecm’g™)

Virgin GAC 583.7 181.8 0.09 0.33

Treated GAC 657.3 421.9 0.20 0.37

One problem to be noted here was that the change of adsorption
capacity was not consistent to change of surface properties of GAC.
Besides the effect of residual PCP on the absorption capacity, there
might be two reasons for this, on the one hand, it could be found that
the change of specific surface area mainly attributed to micropore
increase, the size exclusion between pore size of GAC and molec-
ular size of PCP (~0.5nm) maybe one of the reasons that caused
adsorption capacity reduction, in addition. On the other hand, it was
postulated that which might relate with the chemical functional
groups of GAC.

Table 2 presents the results from titrations of the virgin and
adsorption/DBD treated carbon together with the pH of the GAC
samples in aqueous solution. It could be seen that the pH val-
ues of the GAC samples after plasma treatment decreased. The
differences in surface chemistry of the GAC samples were clearly
seen from the Boehm titration results presented in Table 2. After
DBD plasma treatment, the amounts of phenolic and carboxylic
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Fig. 7. Pore size distribution of virgin and adsorption/DBD treated GAC by DR
method.

Table 2
Surface chemical properties of virgin and adsorption/DBD treated GAC samples
(mmolg).

Sample pH Carboxylic Lactonic Phenolic Total acidic
Virgin GAC 8.65 0.350 0.015 0.260 0.625
Treated GAC 8.22 0.420 0.010 0.500 0.930
Table 3

Component peaks for Cqs region. XPS data for virgin and adsorption/DBD treated
GAC samples.

Binding energy (eV) Assignment Virgin Treated
GAC (%) GAC (%)
284.7 + 0.3 Graphitic carbon 53.6 49.1
286.0 = 0.2 Carbon present in phenolic, 29.9 23.8
alcohol or ether groups
2874 + 0.1 Carbonyl or quinone groups 9.1 12.9
289.0 + 0.1 Carboxyl acidic groups 7.4 14.2

groups on GAC sample increased, amounts of lactonic group
decreased.

XPS was regarded as a useful tool for analyzing the surface prop-
erties of the sample including the distribution of functional groups.
Fig. 8 shows the high-resolution C;5 and O;s XPS spectra of the
virgin and adsorption/DBD treated GAC. It could be seen that the
C;s spectra span over a broad energy range from 282.0 to 293.0eV,
which could be well fitted into four peaks for the virgin and adsorp-
tion/DBD treated GAC. The first peak at 284.7 eV was assigned to
the carbon skeleton, and the second, the third and the fourth peaks
at 286.0, 287.4 and 289.0eV could be attributed to C—0, C=0 and
0—C=0 bonds, respectively [42-45]. According to C;5 XPS spectra,
the carbon skeleton and carbon presenting in phenolic, carbonylic
or ester groups were the most numerous carbon-oxygen functional
groups on the virgin and adsorption/DBD treated GAC.

The O;5 main peak of DBD treated GAC with PCP was broader
than that of the virgin GAC and their centers were shifted from
532.1 to 533.3 eV. The O subpeaks indicated the presence of sev-
eral different species on virgin GAC and adsorption/DBD treated
carbon, such as C=0 (peak 1, binding energy (BE)=531.0eV),
0=C—0 ester groups (peaks 2, BE=532.3eV), O—C—0 groups
(peak 3, BE=533.2eV), and —C—0—H, O=C—0—H groups (peak 4,
BE=534.2eV) [46-52].

The binding energy and relative content of carbon and oxy-
gen from XPS survey spectra were also listed in Tables 3 and 4,
respectively. The relative intensity of the peak at 284.7 and 286.0 eV
decreased gradually, but the peak at 287.4 and 289.0eV increased
after DBD plasma treatment, implying that some carbon atoms in
carbon skeleton were removed and some of the carbon atoms were
functionalized through the creation of carbon—oxygen bonds. More
information could be obtained from Table 4. After DBD treatment,
the relative intensities of carbonyl and —C—0—H or O=C—0—H at
531.0 and 534.2 eV increased, whereas the relative intensities of
ester and ether oxygen at 532.3 and 533.2 eV decreased, suggesting
the formation of carboxyl and phenolic acidic groups, which was
consistent with the results obtained by Boehm titration.

Several studies have documented that increasing the number
of polar oxygen molecules within the carbon matrix or oxygen-

Table 4
Component peaks for O;s region. XPS data for virgin and adsorption/DBD treated
GAC samples.

Binding energy (eV) Assignment Virgin Treated
GAC (%) GAC (%)
531.0 + 0.4 Carbonyl 11.1 21.5
5323+ 0.2 Ester 38.6 26.0
533.2 £ 0.1 Ether oxygen 34.8 211
5342 £ 0.1 —C—0—H or 0=C—0—H 15.5 314
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Fig. 8. Cq5s and O4s subpeaks of XPS spectra of the virgin and adsorption/DBD treated GAC.

containing surface acidity functional groups increased the polarity
of carbon surfaces, and therefore their selectivity for water [53]. It
has been further postulated that the adsorbed water clusters may
block carbon pores and reduce adsorption capacity for hydrophobic
compounds [54,55]. As a result, increases of carboxyl and phenolic
acidic groups might be another reason why adsorption capac-
ity of adsorption/DBD treated GAC was lower than that of virgin
GAC.

4. Conclusions

An integrated GAC adsorption/DBD plasma process was adopted
for the purification of PCP contaminated water. Most of the PCP
adsorbed on GAC was decomposed into dechlorination and dehy-
droxylation intermediate products by DBD plasma. At the same
time of PCP decomposition, GAC was regenerated by DBD plasma,
and the adsorption capacity of adsorption/DBD treated GAC could
maintain relatively high level. DBD plasma not only increased the
BET surface area and pore volume in micropore regions, but also had
remarkably impact on the distribution of the oxygen-containing
functional groups of GAC, and increased the amounts of carboxyl
and phenolic acidic groups of GAC surface. The integrated GAC
adsorption/DBD plasma process has demonstrated its effectiveness
for the removal of PCP from contaminated water and the regenera-
tion of GAC, which has also provided us with an optimistic outlook
for a pilot-scale experiment and even for the practical application
of this process.
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