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Anovel process for regenerating activated carbon based on high active species (03, * OH, “HO,, * 0, and "RO,
etc.) generated by dielectric barrier discharge (DBD) oxidation was proposed. The method was assayed
with granular activated carbon (GAC) exhausted with azo dye acid orange 7. The regeneration efficiency of
this technique was evaluated, and the regeneration efficiencies could reach over 73% after five continuous
regeneration cycles. The effects of DBD on the adsorption rate, the texture characteristic, the surface chem-
istry, and the adsorption capacity of GAC samples after different regeneration cycles were investigated.
The adsorption rate remained stable after multi-successive regeneration cycles. The analysis of texture of
GAC samples showed that the specific surface area and pore volume decreased after DBD regeneration
cycles except for the first regeneration sample. It was observed that DBD also resulted in the increase of
carboxylic functional groups of GAC’s surface. Furthermore, all adsorption equilibrium isotherms fitted
the Freundlich model fairly well, which demonstrated DBD plasma did not appear to modify adsorption
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process but to shift the equilibrium towards lower adsorption concentrations.
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1. Introduction

Activated carbon (AC) has been widely used as an efficient and
versatile adsorbent in the removal of gaseous pollutants, the treat-
ment of waste water and the deep purification of drinking water due
to their extended surface area, tailored pore distribution, and high
degree of surface reactivity [1,2]. Commonly, when AC’s adsorp-
tion capacity was exhausted, the spent AC should be regenerated
because of the limited resources for AC production and additional
secondary pollution of spent-carbon dumped into water or soil [3].
As a result, a wide variety of AC regeneration techniques, such as
thermal regeneration [4,5], solvent regeneration [6], direct oxida-
tion and catalytic wet oxidation regeneration [7,8] and biological
regeneration [9], have been proposed and applied in past decades.
But these techniques have a few disadvantages, for example, high
temperature, high cost of the reagents employed and the danger
from additional secondary pollution, and low regeneration effi-
ciency, and so on. In recent years, more restrictive regulations on
environmental protection and increased price of AC also have moti-
vated researchers to develop new methods for regeneration and
reuse of spent activated carbon [3,10]. Among them, microwave
regeneration [11], electrochemical method [12], supercritical or
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subcritical WO regeneration [13,14] or ultrasonic regeneration [15]
could be highlighted. Unfortunately, in most of the cases compli-
cated processes were required for the implementation of the above
mentioned methods.

In this paper, we reported on a novel AC regeneration
method—dielectric barrier discharge (DBD) plasma regeneration.
The DBD can produce non-thermal plasma under atmospheric pres-
sure easily by applying high voltage to electrodes, one of which is at
least covered with dielectric material. The plasma provides active
species such as O3, high-energy electron and various high oxidation
potential free radicals [16], which might be effective for the oxi-
dation of pollutants on AC. At present DBD techniques have been
extensively used in environmental protection [17-20], and some
experimental efforts also have been referred on the surface modi-
fication of activated carbons with DBD plasma [21,22]. However, to
our knowledge, there were very few studies on the regeneration of
AC with DBD plasma.

The objective of this study was to determine that the decompo-
sition and desorption of contaminants from AC could be recovered
to what extent after multi-successive DBD regeneration cycles. The
effects of DBD on the adsorption rate, the regeneration efficiency,
the texture characteristic, the surface chemistry and the adsorption
capacity of AC samples were investigated in order to obtain some
mechanisms involving in DBD plasma regeneration. The results
were expected to provide some useful information as to regener-
ation of reactive dyes or other adsorbate-exhausted ACs with DBD
plasma.
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Fig. 1. Schematics of the experimental setup: (a) reaction system and (b) electrode structure of reactor.

2. Experimental
2.1. Materials

A commercial columned coal-based granular activated car-
bon (GAC, 4mm diameter, 6-8 mm length, supplied by Gongyi
Zhulin Filtrate Material Factory, China) was used as the adsorbent
for experiments. As Quan et al. [11] described, prior to use, the
GAC should be pretreated. Acid orange (AO7, purity greater than
98%) and distilled water were used to prepare the aqueous solu-
tions for the tests in this study. The chemicals used for acid-base
properties estimation were of analytical reagent grade and were
obtained from Tianjin Kermel Chemical Reagent Co. Ltd. (Tianjin,
China).

2.2. The DBD regeneration reaction system

The schematics of the experimental setup were given in Fig. 1. It
mainly consisted of alternating current high-voltage power supply
and DBD reactor. The frequency of alternating current high-voltage
power supply of this experiment was 50Hz, the voltage was
0-50kV adjustable. Typical voltage and current waveforms deliv-
ered to the DBD reactor were recorded with the digital oscilloscope
(Tektronix TDS2014, USA) with the help of a voltage probe (Tek-
tronix P6021, USA) and a current probe (Tektronix P6021, USA) and
shown in Fig. 2. The DBD experimental reactor was a parallelepiped
Plexiglas chamber (450 mm x 400 mm x 120 mm), containing two

rectangular parallel-plate electrodes made of stainless steel,
the size of the two electrodes were 200 mm x 200 mm x 2 mm
and 250 mm x 250 mm x 2 mm, respectively. The high-voltage
electrode was covered by a 2mm thick dielectric barrier
(300mm x 300mm quartz glass plate, the dielectric constant,
£=7.0). The gap space between the dielectric barrier and the low-
voltage electrode was maintained at 15 mm. At terminal of the
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Fig. 2. Voltage and current waveforms delivered to the DBD regeneration reactor.
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experiment setup, two bottles both containing 50 ml of 10% KI solu-
tion were used to collect distillate and exhaust gas.

2.3. The regeneration of GAC

As previously commented, the regeneration of spent AC was car-
ried out in the DBD reactor mentioned above. Prior to regeneration,
a known mass of prepared exhausted GAC, the moisture content
was controlled at about 16%, was introduced into the reactor and
was evenly spread over the low-voltage electrode’s surface of the
reactor (see b of Fig. 1). The regeneration of GAC began when the
alternating current high-voltage power supply was turned on, and
the regeneration would last for 180 min. In each regeneration exper-
iment, the thickness of the GAC beds was kept at 4mm and the air
was impregnated to the reactor with a flow rate of 0.01 m3/min.
Unless special conditions were required, all experiments were con-
ducted at room temperature and atmospheric pressure.

2.4. Kinetics adsorption

The kinetics adsorption of AO7 on virgin and regenerated car-
bon was carried out in a rapid small-scale continuous cycle flow
adsorption column (6 cm diameter and 20 cm length), where GAC
sample was placed, AO7 solution (initial concentration 50 mg/1) was
circulated through the adsorption column by a peristaltic pump
at a flow rate of 160 ml/min. The residual concentration was con-
tinuously monitored by a UV-vis spectrophotometer (UV-2102C,
Unico (Shanghai, China) Instrument Co., Ltd.) at the characteristic
wavelength of 485 nm.

2.5. Adsorption equilibrium isotherms

Adsorption isotherms of AO7 aqueous solutions onto GAC sam-
ples were performed by the batch method in an end-over-end
stirrer. Different amounts of carbon were added into different bot-
tles containing 80 ml of AO7 aqueous solution of 1000 mg/l. The
sealed bottles were shaken with a constant speed of 120rpm at
room temperature for 7 days. After the equilibrium reached, the
suspensions were filtered and saved for further analysis. Quanti-
tative analysis of the studied solutions was made based on the
calibration curves of standard solutions, samples of 3 ml were with-
drawn for analysis using UV-vis spectrophotometer to determine
the concentration of AO7 remaining in the fluid phase, and the
amounts of AO7 adsorbed onto the GAC were inferred from the
mass balance as follows:

_ (G mCe)V (1)
where ge is the amount of AO7 per gram of adsorbent, V is the
volume of the liquid phase, Cj is the concentration of the solute in
the bulk phase before it comes in contact with the adsorbent, Ce
is the concentration of the solute in the bulk phase at equilibrium,
and m is the amount of the adsorbent.

e

2.6. Analysis method

The structural properties of virgin and regenerated carbon were
obtained from the physical adsorption of N, at 77 K determined
by a Quantachrome autosorb-1 adsorption apparatus (Autosorb-1,
Quantachrome Com. USA). The surface areas and pore size distribu-
tions (PSD) and total pore volume (Vroa) pore ) Were calculated using
the Langmuir equations and the Horvath-Kawazoe (HK) model
[23], respectively. The micropore volume (Vyicropore)» micropore
area (Swmiicropore) and external surface area (Sgxernal) Were obtained
from the de Boer’s t-plot method [24]. The surface chemistry of

the GAC samples was examined by the determinations of pH value,
basicity, acidity and various functional groups. The pH value of the
GAC surface was evaluated according to ASTM standard procedure
D 3838 [25], the basicity, acidity and various functional groups were
measured using the titration method of Boehm [26].

3. Results and discussion

In this section, the discussion of the results obtained will focus
on analyzing the effect of the carbon regeneration on: the adsorp-
tion kinetics, the regeneration efficiency, the textural characteristic
and surface chemistry, and the adsorption capacity of carbon sam-
ples.

For convenience, the adsorption and subsequent regeneration
process were considered as one regeneration cycle in this study,
regenerated samples would be denoted as DBDi (i: the number of
DBD regeneration cycle), for instance, sample DBD1 corresponds to
one adsorption-DBD treatment cycle sample.

3.1. Effect of regeneration on the adsorption kinetics and
regeneration efficiency

The effect of the regeneration treatment on the adsorption rate
of the carbon samples were determined by analyzing of the decay
curves of AO7 on the virgin and regenerated GACs.

The Fig. 3 showed the decay curves of AO7 onto different DBD
regeneration GACs at different interval. It could be seen from the
plots of the residual concentration versus t that the decay curves
of the regenerated carbon were higher than that of the virgin car-
bon (VC), but after the third DBD regeneration cycles only a slight
change in adsorption rate curves was noticed, which suggested that
the adsorption rate remained stable after multi-successive regen-
eration cycles. Since the regeneration efficiency could reveal the
effect of DBD plasma regeneration process, the regeneration yield
was also calculated using the following equation

RE = I* « 100% )

qv
where gy is the adsorption capacity of VC, i.e. the equilibrium
amount of contamination adsorbed per unit mass of AC (mg/g),
and q; is the adsorption capacity of regeneration carbon after the
re-adsorption equilibrium.
All regeneration yields of this regeneration process in differ-
ent regeneration cycles were presented in Fig. 4 and show that the
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Fig. 3. Concentration decay curves for AO7 aqueous solutions on GAC samples.
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Fig.4. Theregeneration efficiencies of GACs after different DBD plasma regeneration
cycle.

recovery of regenerated GAC’s capacity of adsorption was basically
achieved. Even after five regeneration cycles, regeneration effi-
ciencies of this technique were higher than 73%, and the decrease
in regeneration efficiencies in successive regeneration cycles was
small and almost were neglected except for the first regeneration
of the fresh carbon. This result showed that the procedure still
had a much greater efficiency after multi-successive regeneration
cycles than that reported [27,28], and was a promising technique.
Whereas, consistent with the adsorption rate, we also observed that
the regeneration efficiencies decreased with regeneration cycles
increasing, which will be explained by the changes of structural
properties and surface chemistry of GAC samples after DBD plasma
treatment (discussion below).

3.2. Effect of regeneration on the structural properties and
surface chemistry of carbon

Table 1 mainly summarized relevant micropore structural prop-
erties of virgin and different regenerated GAC. According to the data
presented in Table 1, it could be observed that the structural prop-
erties in DBD regeneration samples differed noticeably from those
in the VC. After the first regeneration cycle, the sample had a larger
Langmuir surface area (Spangmuir»» SMicropores SExternals VMicropore and
Vrotal pore than the virgin sample. In subsequent regeneration cycles,
the SLangmuir- SMicroporev VMicroporev SExtemal and VTota] pore decreased
with regeneration cycle increasing.

The PSD curves in micropore regions (micropores are defined
as pores of width less than 2 nm) of GAC samples were also shown
in Fig. 5. Evidently, with the increasing of regeneration cycle, the
rules of pore size distribution were similar with that of Sy ;ngmuir’S
change.

Table 1
Structural properties of the VC and DBD treated GAC samples
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Fig. 5. Pore size distribution of virgin and DBD treated GAC by HK method.

Table 2

Acid-base properties of VC and DBD treated GACs (mmol/g)

Sample pH Carboxylic Lactonic Phenolic Basic  Acidic All groups
DBDn? 228 0.242 0.307 0.296 0.108 0.845 0.953

VvC 238 0.207 0.184 0.542 0257 0932 1.189
DBD1 244 0.227 0.262 0.309 0218 0.798 1.016
DBD2 250 0.236 0.323 0.184 0.178 0.743  0.921
DBD3 232 0.269 0.069 0.485 0.113 0.822 0.935
DBD4 234 0421 0.108 0.464 0.110 0.863 0.972
DBD5 230 0.447 0.155 0.412 0.061 1.014 1.075

4 GAC sample of DBD treatment for 180 min in the absence of the adsorbate.

Comparing data in Table 1 and curves in Fig. 5, it could be
inferred that the porosity of GAC was developed after one DBD
plasma treatment, which might be owing to DBD plasma activation
[29,30], while in subsequent regeneration cycles, the successive
strong DBD process might cause wall destruction and pore blockage
in the ranges of micropores [22].

According to above these results, the decrease of the adsorption
rate of treated carbon samples and regeneration efficiency might
be in part explained by wall destruction and pore blockage in the
ranges of micropores. However, we also found that in spite of a sig-
nificant increase of the specific surface area, pore volume after the
first DBD treatment, the adsorption rate and regeneration efficiency
of regenerated carbons were lower than that of VC, this should be
related to the surface chemistry of the GACs except for a longer
diffusion path of micropores would result in a greater probability
for the pore blockage in the process of diffusion. Therefore, it was
assumed that the surface chemistry of the GACs would experience
some change during DBD.

Table 2 presented the results from the acid-base titrations of the
virgin and generated carbon together with the pH of the GACs in
aqueous solution. It could be seen from Table 2 that the pH values
of the GAC samples assumed strong acidity, as it was mentioned
above, which was due to pretreatment of hydrochloric acid to GAC.

GAC sample sLangmuir (1T12 /8) SMicropore (m2 /8) SExternal (mZ/g) VMicropore (1’1‘12 /g) Votal pore (1T12 /8) Average pore diameter (A)
VvC 594.9 346.9 66.9 0.1756 0.2899 9.8
DBD1 863.8 492.8 85.4 0.2509 0.3616 8.4
DBD2 573.4 312.9 63.8 0.1683 0.2731 9.5
DBD3 518.9 290.4 57.1 0.1468 0.2510 9.6
DBD5 459.2 246.8 51.6 0.1390 0.2173 9.5
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Fig. 6. Adsorption isotherms of AO7 on VC and different adsorption-DBD regener-
ation cycle GACs.

The differences in surface chemistry of the GAC samples were
clearly seen from the Boehm titration results presented in Table 2.
With the regeneration cycle increasing carboxylic on GAC samples
increased, conversely, the basic decreased. It was interesting to note
that the lactonic abrupt decreased after the second regeneration
cycle, but in subsequent regeneration it increased with regenera-
tion cycle increasing. Compared with the change trend of lactonic,
the phenolic presents reverse change rule, after the second regen-
eration cycle, the phenolic groups of regenerated carbon were more
than that of VC and again decreased as the regeneration cycles
increasing. However, all groups had a slight change.

Though these results were currently not fully understood, it
could be summarized that structural properties change, modifi-
cation of DBD to GAC surface, and oxidation or incorporation of
by-product from AO7 decomposition and desorption played an
important role in changing of chemical surface groups.

To further confirm DBD plasma not only decomposed the
adsorbed contaminants on GAC, but also changed the chemical
characteristics of GAC itself, the surface chemistry of the GAC in
the absence of the adsorbate with DBD plasma treatment was eval-
uated. The data in Table 2 (see DBDy) showed that the functional
groups of GAC sample treated in the absence of the adsorbate with
DBD differed noticeably from those in the VC. It could concluded
that DBD induced some acid groups onto GAC and changed to a
great extent surface chemical characteristics of GAC itself, which
also might be affirmed by the fact that basic of GAC treated in the
absence of the adsorbate was less than that of VC.

Moreno-Castilla et al. [31] reported that the relative affinity of
the phenolic compounds toward the surface of the activated car-
bon was related to the electron donor-acceptor complexes formed
between the basic sites on the carbon surface (basic surface oxygen
complexes and/or T electron-rich regions at the basal planes) and
the aromatic ring. Thus, with carboxylic groups increasing of the
carbon surface, the relative affinity weakens. These maybe indicate
that the changes of chemical surface groups also could result in
the decrease of adsorption rate of treated carbon and regeneration
efficiency in a way.

3.3. Effect of regeneration on adsorption capacity of carbon

A simple comparison among adsorption isotherms done
between virgin and different DBD regenerated GACs allows us to get
average information about the effect of DBD on adsorption capac-
ity. Fig. 6 showed the adsorption isotherms of virgin and different

Table 3

Freundlich constants for adsorption of AO7 on GAC

Sample Kg (1/g) 1/n R?
VC 291 0.23 0.99
DBD1 2.81 0.22 0.97
DBD3 2.89 0.20 0.99
DBD5 2.64 0.20 0.97

regenerated GAC, the isotherm for the first regeneration carbon was
clearly located under that for VC, the isotherm for the third regener-
ation carbon was located in between the first and fifth regeneration
carbon. We also observed that in spite of a significant increase of the
specific surface area, pore volume after the first DBD treatment, the
adsorption capacity of GAC did not reach its initial value, the value
of g. for the GAC samples decreased with the regeneration cycle
increasing.

As the fractional coverage of the pore surface not only depends
on surface area, pore size distribution, but also relates with the
length of the diffusion path and surface chemistry and adsorption
rate, and so on, so the specific surface area value itself is often not
enough to determine the adsorption capacity of AC [1,32-34]. The
porosity of GAC sample was developed after the first regeneration
cycle, however, in the process of diffusion, a longer diffusion path
of micropores would result in a greater probability for the pore
blockage. As a result, the surface of the micropores could not be
completely utilized in adsorption. On the other hand, we believed
that the relative affinity weaken between adsobates and surface
chemistry on GAC and AO7 in the bulk phase solution with the
carboxylic groups increasing and the by-producted molecules or
atoms polarized on regenerated carbon [31], the adsorptive rate
also became slower after DBD treatment, thus, a smaller coverage.
With regeneration cycle increasing, as it has been mentioned above,
the GAC wall destruction, pore blockage and subdued relative affin-
ity resulted in the decrease of adsorption capacity.

Another aspect that concerned us was the adsorption type
of AO7 on carbon samples after DBD treatment, therefore, the
Freundlich model was used in the adsorption isotherms above.
Freundlich model is usually expressed by Freundlich equation as
follows [33]:

e = KeCY/" 3)

where g is the amount adsorbed at equilibrium, Ce is the equi-
librium solution phase concentration, Kg (l/g) is the Freundlich
parameter for a heterogeneous adsorbent, and the exponential
term, 1/n (dimensionless), is related to the magnitude of the
adsorption driving force and to the adsorbent site energy distri-
bution.

Values of K¢ (1/g) and 1/n (dimensionless) were calculated from
the intercepts and slopes of the linear plots of In ge versus In Ce, and
were listed in Table 3. The results suggested that all these isotherms
well fitted with the Freundlich equation, similar observation was
reported for the adsorption of AO7 on GAC [11]. It indicated that
DBD did not appear to modify adsorption process but to shift the
equilibrium towards lower adsorption concentrations. All n values
were higher than 1 indicating favorable adsorption of AO7 onto
GAC, as expected. This could be confirmed by the adsorption curves
of AO7 on GAC (Fig. 6).

4. Conclusions

The results obtained in this study showed that the regeneration
of spent granular carbon exhausted with AO7 by DBD plasma treat-
ment was feasible. After multi-regeneration cycles, the adsorption
rates for AO7 on GAC remained stable. It could be observed that



G.-Z. Qu et al. / Chemical Engineering Journal 146 (2009) 168-173 173

recovery of adsorption capacity was achieved ultimately. Even
though experiencing five regeneration cycles, the regeneration
efficiencies were higher than 73%. The DBD plasma not only decom-
posed the adsorbed contaminants on GAC, but also changed the
texture and chemical characteristics of GAC itself. In spite of a sig-
nificant increase of the specific surface area, pore volume after the
first DBD treatment, the adsorption capacity of GAC did not reach
its initial value, on the one hand, a longer diffusion path of micro-
pores would result in a greater probability for the pore blockage in
the process of diffusion, on the other hand, with carboxylic groups
increasing and the by-product molecules or atoms polarized under
stronger electric field on regenerated carbon, the relative affin-
ity weaken between adsobates and surface chemistry on GAC and
AO7 in the bulk phase solution. The adsorption isotherms well fit-
ted with the Freundlich equation in all cases, which demonstrated
DBD did not appear to modify adsorption process but to shift the
equilibrium towards lower adsorption concentrations.
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