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ABSTRACT

Activated carbon (AC) was effective to activate persulfate (PS). Herein, ultrasonic irradiation (US)
was introduced into the AC/PS system, and synergistic activation of PS by the combination of US and
AC was observed. The effects of various operating parameters on the decolorization of acid orange
7 (AO7), a typical azo dye, by AC/US/PS process were investigated. The results indicated that the
decolorization of AO7 gradually increased with increasing AC loading and higher US power. Also,
AQ7 decolorization efficiency increased with PS/AQ7 ratio increasing from 1 to 100, but decreased
when the ratio was further increased to 200. pH had little effect on AO7 decolorization, with neutral
or slight acidic pHs most suitable for AO7 decolorization. The presence of Cl- slightly accelerated AO7
decolorization, and the accelerating effect increased with increasing concentration of CI. The radical
quenching experiments indicated that AO7 decolorization dominantly took place on the surface of AC,
and both SO, and HO- were responsible for AO7 decolorization. The azo band and naphthalene ring
of AO7 were destroyed to generate other small intermediate, and finally mineralized to CO, and H,O.
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1. Introduction

Recently, increasing attention has been paid to the sulfate
radical (SO,~) based advanced oxidation process (SR-AQOP)
owing to its high efficiency for contaminant destruction [1,2].
Persulfate (PS) is the most commonly used oxidant to generate
SO,~. PSis stable at the ambient temperature, but can generate
SO, after activation by different activators, such as transition
metals [3-5], heat [6-8], and ultraviolet radiation [9-11]. Metal
ions are the most frequently used activators for PS owing to
their low cost and natural abundance. The challenges of its
reuse and toxicity, however, limit their wide application [12].
Metal-free carbonaceous material is a promising alternative
activator owing to the prevention of metal leaching and sec-
ondary contamination to water environment [13,14].

The granular activated carbon (AC) is a common adsor-
bent in the water treatment owing to its enormous surface
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area, porous structure, and characteristic flexibility [15].
Besides its excellent adsorption capacity, AC has been fre-
quently used as a heterogeneous catalyst in the oxidative
degradation of contaminants by various oxidants, such as
H,O, [16-18] and O, [19]. The combination of AC with other
techniques could achieve a much better performance to acti-
vate H,O, to degrade the contaminants in water or wastewa-
ter, such as AC/H,O,/UV and AC/Fenton [20,21]. AC has been
recently used to activate PS or peroxymonosulfate (PMS) to
generate SO,™, and destruct different kinds of contaminants
[22-25]. The oxygen functional groups on AC surface are
potential activators, such as =O, -OH, or -OOH [26]. In com-
parison with H,O, or PMS, AC exhibited relatively low effi-
ciency to activate PS. Alternatives to enhance the activation
of PS by AC may be to incorporate other technique into the
activation system.

Ultrasonic irradiation (US) has been applied to destruct
persistent contaminants in aqueous solutions in recent years
[27,28]. US is considered as a safer, cleaner technique than UV
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and O,, and can be operated under ambient conditions [29]. US
could induce the formation, growth, and collapse of bubbles in
the water. During the collapse of cavitation bubbles, the local-
ized high temperatures and pressures induced the formation
of reactive radical species [30]. US could act as an activator for
PS to generate SO, (Egs. (1)—(6)), which have been previously
applied to degrade various contaminants, such as perfluorooc-
tanoic acid [31], dyes [32], amoxicillin [33], and polycyclic aro-
matic hydrocarbons (PAHs) [34]. US has also been applied to
regenerate AC to desorb and degrade the contaminants [35].

H,O0+US—-HO+H (1)
5,0, +US - 250, )
SO, +H,0 - H"+50,>+HO 3)
5,0, + HO- —» HSO, + SO+ %0, 4)
5,0,7+H — HSO, +S0, %)
5,0, + pyrolysis — 250, (6)

To our best knowledge, activation of PS by the combina-
tion of US and AC has not been systematically explored before.
Noting that AC is widely used in the conventional water treat-
ment, incorporation of the activated PS process might be highly
efficient in the contaminant destruction and AC regeneration.
Herein, we investigated the activation of PS by the combination
of US and AC to decolorize AO?7, a typical azo dye. The purpose
of this paper was to: (1) evaluate the synergistic effect of AC and
US in the activation of PS; (2) explore the effect of different reac-
tion parameters, such as PS concentration, AC loading, initial pH,
US power, and the co-existed ions; and (3) evaluate the product
characteristics and the mineralization in the AC/US/PS system.

2. Materials and methods
2.1. Materials and reagents

The granular AC was purchased from Tianjin Damao
Chemical Reagent Company (Tianjin, China), and was ground
and sieved through 40-60 mesh before use. Sodium persulfate
(Na,S,0,) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Acid orange 7 (AO7; 4-(2-hydroxy-1-naphthylazo)ben-
zenesulfonic acid) was purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Analytical grade meth-
anol (MeOH; CH,OH), tert-butyl alcohol (TBA; C,H,OH),
phenol (C,H,O), sodium hydroxide (NaOH), sulfuric acid
(H,SO,), and sodium chloride (NaCl) were obtained from
Shanghai Chemical Reagent Company (Shanghai, China).
Deionized (DI) water was produced using a Millipore Milli-Q
Ultrapure Gradient A10 purification system.

2.2. Experimental procedure

The degradation of AO7 was conducted in a 250-mL clear
glass flasks located in an ultrasound clean bath operating

at 40 kHz with an actual power of 9.8 W/cm?. Typically, AC
was added to the reactor containing 250 mL solution of AO7
and PS at an initial pH 7, and then continuously stirred with
mechanistic stirring. At the pre-determined time, 5 mL of
sample was withdrawn and quenched with excess NaNO,
immediately. Afterward, the quenched sample was filtered
through 0.45 pm membrane, and the concentration was mea-
sured on a UV-Vis spectrophotometers. In the experiments
investigating the impact of solution pH, NaOH or H,SO,
was used to adjust the solution pH. All the experiments were
carried out in duplicate or more.

2.3. Analysis

The absorbance of AO7 at 484 nm was monitored on a
UV-Vis spectrophotometer (Mapada UV-1600). A calibration
curve was established between the concentration (y) and
absorbance (x) of AO7, i.e., y=16.507 x x —0.2026 (R?=0.9999).
Hence, the concentration could be calculated from the cal-
ibration curve after the measurement of the absorbance.
The UV-Vis spectra scan between 200 and 600 nm was also
performed in this spectrophotometer. Total organic carbon
(TOC) was analyzed with a TOC-LCPH, and the detection
limit was 0.01 mg/L.

The degradation products of AO7 were determined by
gas chromatography-mass spectrometry (GC-MS; Agilent
7890A/5975C). NaCl (1 g) was added to 5 ml of sample, and
the pH was adjusted to 2 using H,SO,. Then the solution was
extracted with 30 ml of CH,CI, for 3 times (10 ml x 3). The
extract was dehydrated with Na,SO,, and then evaporated
in a rotary evaporator at 40°C to final volume of 1 ml. The
products were analyzed on GC-MS equipped with HP-5MS
(30 m x 0.25 mm x 0.25 um). Injection was performed in the
splitless mode at an injection temperature of 250°C and with
an injection volume of 1 pL. The carrier gas was helium at a
constant velocity of 1 ml/min. The initial oven temperature
was set at 40°C for 2 min, and then increased to 100°C at the
rate of 12°C/min. After this, it was subsequently increased
to 200°C at 5°C/min, and then temperature was raised at
20°C/min and for 10 min and kept at 270°C. Mass spectra
were obtained in electron impact ionization (EI) mode with
electron energy 70 eV.

3. Results and discussion
3.1. Decolorization of AO7 under different systems

The preliminary experiments were performed to inves-
tigate AO7 decolorization under different systems, and the
results were shown in Fig. 1. As shown in Fig. 1(A), PS alone
exhibited negligible effect on AO7 decolorization, suggesting
that PS was not activated at the ambient temperature. AC alone
decolorized 27.5% of AO7 after 30 min, owing to adsorption.
The combination of PS and AC induced higher decolorization
of AO7 after 30 min than that with PS or AC alone, indicat-
ing the ability of AC to activate PS to decolorize AO7 [22].
The introduction of US in the system containing AC or AC/
PS could significantly increase AO7 decolorization. To be spe-
cific, AO7 decolorization increased to 81.6% after 30 min in the
US/AC system, while almost complete decolorization of AO7
was observed within 25 min in the AC/PS/US system, which
was much faster than that in other systems. The decolorization
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Fig. 1. Decolorization of AO7 (A) and decomposition of PS (B)
under different systems: PS/AO7 molar ratio = 60/1, AC loading
=0.8 g/L, AO7 =0.057 mM.

of AO7 in AC/PS, US/PS, and AC/US/PS systems well con-
formed to the pseudo-first-order kinetics, and the apparent
first-order rate constants were calculated to be 0.083, 0.0217,
and 0.216 min™ in the AC/PS, US/PS, and AC/US/PS systems,
respectively. Rate constant in the AC/US/PS system was much
larger than the sum of the constant in AC/PS and US/PS sys-
tem. Therefore, synergistic activation of PS was observed by
the combination of US and AC. After introduction of US, US
was able to activate PS to decolorize AO7. More importantly,
AC was dispersed to smaller particles, and the surface area
became larger (Brunauer Emmett-Teller (BET) surface area
increased from 381 to 480 m?/g), which was favorable for the
adsorption of AO7 on AC. On the other hand, smaller AC par-
ticle could render more active sites for PS activation (as shown
in Fig. 1(A)).

We further monitored the decomposition of PS under dif-
ferent systems. As shown in Fig. 1(B), only slight decomposition
of PS was observed after introduction of AC or US into the PS
solution, indicating the low efficiency of AC or US in PS acti-
vation. When AC and US were simultaneously introduced in
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Fig. 2. Effect of PS concentration (A) and AC loading (B) on the
decolorization of AO7 in the AC/US/PS system: AO7 =0.057 mM,
(A) AC loading = 0.8 g/L, (B) PS/AO7 molar ratio = 60/1.

the PS solution, significant decomposition of PS was observed in
the initial 30 min. Afterward, the decomposition slowed down
and finally ceased. The decomposition trend of PS was identical
to that of AO7 decolorization, implying that AO7 decoloriza-
tion was induced by the oxidative species generated from PS
decomposition. We further investigated PS decomposition in
the AC/US/PS system in the absence of AO?7. Significant decom-
position was still observed in the system without AO7, and the
decomposition trend was different from that with AO7. For
example, the cease of PS decomposition was not observed along
the 120 min reaction. This phenomenon might be explained by
the occupation of active sites of AC by the degradation products
of AO7, unfavorable for further activation of PS.

3.2. Effect of PS concentration

The effect of PS concentration on AO7 decolorization
was investigated with PS/AO7 molar ratios ranging from
1:1 to 200:1, and the results were depicted in Fig. 2(A). The
decolorization efficiency of AO7 was gradually increased
with increasing PS/AQO?7 ratio from 1 to 100. To be specific,
AQO7 decolorization efficiency increased from 61.7% to 100%
after 30 min when the PS/AQ7 ratio increased from 1 to 50.
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Complete decolorization was achieved within 20 min when
the ratio further increased to 100. However, further increase
of the ratio to 200 slightly retarded AO7 decolorization.
Although higher concentration of PS could generate more
SO,™, excess PS could quench the radicals (Egs. (7) and (8)),
thus unfavorable for the dye decolorization. This result was
consistent with the degradation of perfluorooctanoic acid in
the activated PS system [36].

5,0 +50, - HS,0, +50,* 7)

SO, ++50, - 5,0 @®)

3.3. Effect of AC loading

Effect of AC loadings on AO7 decolorization was shown
in Fig. 2(B). AO7 decolorization increased with increasing
loadings of AC. For example, the decolorization of AO7
increased from 65.2% to 90.1% after 30 min when the AC
loading raising from 0.1 to 0.3 g/L. Afterward, complete
decolorization was observed after 30 min when AC load-
ing further increased to 0.5 g/L, and even after 20 min at AC
loading of 1.2 g/L. Higher loading of AC could supply more
reactive sites for PS activation; thus, more radicals were gen-
erated to decolorize AO7.

3.4. Effect of initial pH

Effect of pH on AO7 decolorization in the AC/US/PS sys-
tem was also investigated, and the result was demonstrated
in Fig. 3. As shown in Fig. 3(A), pH had a little effect on AO7
decolorization. Generally, neutral or slight acidic pHs were
favorable for AO7 decolorization, while acidic or alkaline
pHs slightly retarded the decolorization of AO7. At acidic
pHs, the surface of AC is positively charged (pH,, = 8.4),
while the dye molecule is always negatively charged in the
investigated pHs. Hence, lower pHs were beneficial for the
adsorption of AO7 on AC (Fig. 3(B)). AO7 could compete with
PS for the active site on the surface of AC. Thus, more AO7
adsorption on AC could cause the reduction of PS adsorption
on AC, which was unfavorable for the activation of PS on the
surface of AC, and the decolorization of AO7. At alkaline pH,
the surface of AC carries negative charges, thus unbeneficial
for the adsorption of PS anion. Therefore, alkaline pH also
unfavored PS activation in the AC/US/PS system. Moreover,
under alkaline pH, SO, could be scavenged by the hydroxyl
ions according to the Eq. (9), thus reduced the decolorization
of AO7 as well.

S0, ++OH- - SO, + HO )

3.5. Effect of the US power

The power of US is a very important factor for US engi-
neering design [33,37]. Effect of US power on the decolor-
ization of AO7 in the US/AC/PS system was investigated.
As shown in Fig. 4(A), without US irritation, only slight
decolorization of AO7 was observed, with 48.3% remained
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Fig. 3. Effect of initial pH on AO7 decolorization in the AC/PS/US
system (A) and AC/US system (B): PS/AO7 molar ratio =60/1, AC
loading = 0.8 g/L, AO7 = 0.057 mM.

after 30 min in the solution. After introduction of US, AO7
decolorization significantly increased. In addition, the decol-
orization efficiency increased with increasing US power. For
example, about 80% decolorization of AO7 was achieved after
30 min when 3.9 W/cm? of US power was introduced. Almost
complete decolorization was observed after 20 and 30 min
for 5.9 and 9.8 W/cm? of US power, respectively. Higher US
power means that more cavities could be generated, thus
increasing the cumulative pressure pulse and the number of
free radicals in the systems [32,37]. Also, the increase of US
power could reduce the lifetime of the bubble, thus enhance
the opportunity of free radicals to escape from the bubble
and migrate toward the liquid bulk before the recombination
between each other [38].

3.6. Effect of chloride ion

Because there is a potential risk of adsorbable organic
halogen (AOX) formation, the presence of chloride ion is
not desired in AOPs. However, NaCl is widely used in the
dyeing industry to accelerate the dyeing process; hence,
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Fig. 4. Effect of the US power (A) and NaCl concentration (B) on
AQ7 decolorization in the AC/US/PS system: PS/AO7 molar ratio
=60:1, AC loading = 0.8 g/L, AO7 = 0.057 mM.

dyes wastewater is always characterized by highly concen-
trated NaCl (5-60 g/L) [39]. Therefore, effect of ClI- on AO7
decolorization was also explored in this work. As shown in
Fig. 4(B), decolorization of AO7 was slightly affected after
the addition of different concentration of Cl-. Generally, AO7
decolorization increased with the increasing concentration
of CI". In the presence of CI, CI- could be reactive with SO,
to generate other chloride radical species (Egs. (10)—(15))
[40—42]. All these reactions were a major sink for SO,™, which
affected the degradation of contaminants. The generated Cl,
or HOCI was reported to be an excellent bleaching agent for
azo dyes [42]; hence, higher concentration of Cl- in the sys-
tem could induce more generation of HOC], thus improving
the decolorization of AO7.

SO, +Cl"— SO+ Cl (10)
Cl+Cl - Cl] (11)
Cl,+Cl— Cl, +2CI- (12)
Cl+d -], (13)

0 5 10 15 20 25 30

t (min)

Fig. 5. The reusability of AC in the AC/US/PS system: PS/AO7 =
60/1, AC loading = 0.8 g/L, AO7 = 0.057 mM.
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3.7. Reuse of AC

Sequential experiments were carried out to investi-
gate the reusability of AC in the activation of PS under US
irradiation. As shown in Fig. 5, the decolorization of AO7
slightly decreased in the second run, and almost complete
decolorization was still observed after 30 min. A signifi-
cant decrease of the decolorization was observed in the
third run. Afterward, AC exhibited slight deactivation
in the following runs, and 85% decolorization efficiency
could be still achieved in the fifth run. During the reac-
tion, the anion ions (e.g., 5,0, and SO,*) and degradation
intermediate of AO7 might be adsorbed on the surface of
AC, thus decreased the activation sites on AC for PS. In
addition, AC could be dispersed to small particles under
US irradiation, which might escape from the membrane
filtration during the separation.

3.8. Radical mechanism

Both of SO, and HO- are common reactive radical spe-
cies responsible for contaminant degradation in the activated
PS process. Alcohols with alpha hydrogen are moderately
reactive with both SO, and HO-, such as MeOH (reaction
rate constants of 9.7 x 10¥and 3.2 x 10° M s for HO- and
SO, respectively). On the other hand, alcohols without
alpha hydrogen, e.g., TBA, react with HO- approximately
thousandfold faster than SO, ((3.8 — 7.6) x 10° and (4 - 9.1) »
10° M5 for HO- and SO, ™, respectively) [43]. Thus, MeOH
and TBA are always selected as the probes to differentiate
the contribution of the radical species for contaminant deg-
radation. As shown in Fig. 6, MeOH and TBA indeed slightly
inhibited AO7 decolorization, and the inhibition slightly
increased with the increase of their concentration. Because
MeOH and TBA are hydrophilic chemicals, they are assumed
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Fig. 6. Decolorization of AO7 in the presence of different concen-
tration of MeOH (A), TBA (B), and phenol (C): PS/AO7 = 60/1,
ACloading =0.8 g/L, AO7 =0.057 mM, different concentration of
radical scavengers at scavenger/AO7 molar ratio = 100/1, 500/1,
1,000/1.

to be difficult to accumulate on the surface of AC. The dielec-
tric constant of TBA is smaller than that of MeOH [44];
thus, TBA is relatively easier to close to the surface of AC.
Therefore, from the results of MeOH and TBA, we could pre-
liminary conclude that the radical-induced decolorization of
AO7 did not take place in the bulk solution, and most likely
on the surface of AC.

To further confirm the radical reactions on AC surface,
we investigated the effect of phenol on the decolorization
of AO7 in our reaction system. Phenol, another strong
scavenger for SO, and HO- (6.6 x 10°and 8.8 x 10°M™" s~
for SO, and HO:, respectively), was frequently used to
explore the radical species in the heterogeneously acti-
vated PS process [22]. As shown in Fig. 6(C), phenol
exhibited a remarkable inhibition effect on AO7 decol-
orization. For example, when phenol/AO7 ratio of 100
was added into the solution, the decolorization of AO7
decreased from 100% to 40% after 30 min. When the ratio
increased to 1,000, the decolorization of AO7 was almost
identical to AC adsorption when PS was not added. Thus,
the oxidative degradation of AO7 was almost completely
ceased. Compared with MeOH and TBA, phenol is rela-
tively hydrophobic; thus, it is much easier to approach
to the surface of AC. It could strongly compete with AO7
for the radical species on the surface of AC. From the
above results, we could propose that AO7 decoloriza-
tion occurred on the surface of AC rather than the bulk
solution, and both SO,~ and HO- were responsible for
the decolorization of AO7, which was consistent with the
previous result in the heterogeneously activated PS pro-
cess [22,44].

3.9. Degradation products and mineralization analysis

The UV-Vis spectra of AO7 were monitored during
the decolorization in the US/AC/PS system. As shown
in Fig. 7(A), three peaks at 310, 430, and 484 nm were
observed in the spectrum of AO7, which reflects the
naphthalene, hydrazone, and azo structure, respectively
[45,46]. During the reaction, the intensity of the three
peaks gradually decreased as the reaction proceeded,
and finally disappeared after 30 min reaction. This result
indicated that AO7 was completely decolorized, i.e., the
azo bond was destroyed and the naphthalene ring was
destructed to other small molecules, and even mineralized
to CO, and H,O. We further identified the products of AO7
by GC-MS, and the proposed structures were shown in
Fig. 8. Six main products were identified during the deg-
radation of AO7. All these products have been previously
reported [39,47-49]. AO7 was supposed to be oxidized to
naphthalene-type compounds (e.g., 1,2-naphthoquinone,
coumarin, and 1-nitro-2-naphthalenol) after the cleavage
of azo band. These products were subsequently oxidized
to generate fused heterocyclic compounds (e.g., phthalic
anhydride) and other smaller molecular products (e.g.,
phenol and phthalic acid), and finally mineralized to CO,
and H,O.

To further verify the mineralization of AO7, we moni-
tored the variation of TOC during the reaction. As shown
in Fig. 7(B), significant removal of TOC was observed
after 60 min in the US/AC/PS system. However, such
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decolorization: PS/AO7 molar ratio = 60:1, AC loading = 0.8 g/L,
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high removal efficiency of TOC could not be completely
attributed to the mineralization. Because TOC removal
was also observed in the US/AC system, which could be
ascribed to the adsorption on AC. Compared with the
adsorption of TOC on AC, TOC removal in the US/AC/PS
was higher. Therefore, the mineralization of AO7 also sig-
nificantly contributed to the TOC removal. TOC removal in
the AC/PS system was much lower than that in the AC/US
and AC/US/PS system, indicating lower mineralization of
AO7 by AC activated PS. Therefore, the synergistic activa-
tion of PS by US and AC exhibited a much higher decolor-
ization and mineralization capacity in the degradation of
azo dye.

4. Conclusions

Synergistic effect of AC and US was observed in
activating PS to decolorization of AO7. Decolorization
efficiency of AO7 increased with PS/AQO?7 ratio increas-
ing from 1 to 100, but decreased when the ratio further
increased to 200. Higher loading of AC, raising US power,
and elevating CI- concentration were favorable for AO7
decolorization. Both SO,~ and HO- were responsible
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\
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Fig. 8. Degradation products analysis by GC-MS.

for AO7 decolorization, which mainly took place on the
surface of AC. The azo band and naphthalene ring was
destructed to other small molecules, and even mineral-
ized to CO, and H,0.
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