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• PAC could accelerate the chlorine oxidation of organic pollutants.
• PAC could catalyze chlorine to generate
Cl• and O2•−.
• The effect of pH could affect the chlorine
species and reactant species.
• The C_O group, especially the carboxyl,
played an important role.
• The unpaired π electron also beneﬁtted
the PAC catalysis of chlorine.
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a b s t r a c t
The effect of powdered activated carbon (PAC) on chlorine oxidation is not well understood, therefore this study
was designed to further investigate the chlorine oxidation mechanism with the presence of PAC. The oxidation
processes of two model organic pollutants (bisphenol-A and methylene blue) with chlorine were compared in
the absence and presence of PAC. The results showed a signiﬁcant increase in reaction rates with the addition
of PAC. Electron spin resonance indicated that the PAC catalyzed the oxidation of chlorine to generate more Cl•
and O2•−. Additionally, the analysis of the surface characteristics of thermally modiﬁed PACs under N2 and
their corresponding reaction rates revealed that there existed a signiﬁcant correlation between the C_O groups
and the catalytic effect. PAC exhibited a much lower reaction rate under H2 modiﬁcation, which indicated that the
π electrons of the basal plane might be involved in the catalysis. Density functional theory calculations conﬁrmed
that the various oxygen groups on PAC reduced the activation barrier for HOCl dissociation, particularly the carboxyl group. This investigation provides a better understanding of the interactions between chlorine and activated carbon materials, which could be useful for selecting suitable water treatment agents.
© 2021 Elsevier B.V. All rights reserved.
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Chlorine is one of the most widely used chemical oxidants for water
treatment due to its persistence and low cost (Gallard and von Gunten,
2002; Huang et al., 2020). Recently, prechlorination has become a popular treatment for drinking water and wastewater to inhibit algae
growth and enhance coagulation-ﬂocculation and membrane ﬁltration

X. Huang, H. Liang, W. Xu et al.

Science of the Total Environment 797 (2021) 149020

interactions between PAC and chlorine and the effects of PAC surface
groups.

performance (K. Li et al., 2019; Li et al., 2020; Miklos et al., 2018). In addition, activated carbon (AC) with a porous structure and abundant ligands (Bhatnagar et al., 2013) is also commonly applied to reduce
precursors of disinfection byproducts, control taste and odor, and eliminate micropollutants (Huang et al., 2019; Marques et al., 2017; Uyak
et al., 2007). Therefore, their prevalent use would result in frequent
contact between free chlorine and activated carbon, but the interactions
between these two substances have not been sufﬁciently elucidated;
hence, further investigation is of great importance, this may also assist
with their proper usage in water treatment.
According to a previous study by Giles and Danell (1983), AC effectively promotes chlorine decomposition and has been suggested to
function as a dechlorinator. Suidan et al. (1977) studied the reduction
of aqueous free chlorine with granular AC and suggested that HOCl
reacted faster than OCl− species. Though AC was postulated to promote
chlorine decomposition, the chlorine decomposition products generated in the presence of AC has not been clearly identiﬁed. In a subsequent study by McCreary and Snoeyink (1981), the authors detected
the reaction of free chlorine with humic substances before and after adsorption on granular AC by GC/MS, and found that organic matter generated from the reaction of chlorine with adsorbed humic acid was not
substantially different from the organic matter generated from direct
chlorination. In addition, in a further study on phenolic acids, the authors reported that the reaction of free chlorine with phenolic acids
was promoted by AC to produce a variety of oxidized products, including polyphenols and quinones, which are not produced by direct
reactions between chlorine and phenolic acids without granular AC
(McCreary et al., 1982). Similarly, Voudrias et al. (1985) reported the reaction of free chlorine with phenols adsorbed on granular AC yielded
many products, such as chlorohydroxybiphenyls (hydroxylated PCBs).
In their subsequent investigation, the authors found that the generation
of additional products was inhibited when granular AC was treated with
a free radical quencher, suggesting that the observed additional products may be produced by radical chain reactions (Voudrias et al.,
1987). Thus, based on these previous studies, powdered AC (PAC)
may promote or catalyze the oxidation of chlorine to generate free radicals with stronger oxidizability and therefore produce different products. With the exception of a recent study by G. Li et al. (2019), who
found that the oxidation of Mn(II) by chlorine was signiﬁcantly accelerated by the addition of PAC, few studies have examined the interaction
of chlorine and PAC in the past few decades. While the studies described
above all conﬁrmed that PAC affect the chlorine reaction, but the underlying mechanism still requires further investigation. Although a previous study by Voudrias et al. (1985) suggested that surface free radicals
are critical for the reaction between carbon and chlorine by interfering
with the reaction product, the authors did not distinguish which free
radical formed during this process. Moreover, they also realized that
the surface functional group of the AC would affect this reaction but
did not distinguish which functional group is critical. In addition, recent
studies have found that AC could catalyze the peroxymonosulfate and
ozone to degrade the organic pollutants (Alameddine et al., 2021;
Wang et al., 2018; Shang et al., 2020). With the above consideration, further investigations of the interactions between carbon and chlorine and
the impact of carbon functional groups on this interaction would reveal
the details essential for the proper usage of chlorine oxidation and AC
adsorption in water treatment processes.
This study investigated the effects of PAC on reactions between chlorine and two typical model pollutants, bisphenol-A (BPA) and methylene blue (MB), which are prevalent as a representative pollutant in
water and wastewater treatment industries (Mpatani et al., 2021;
Zong et al., 2021). The free radicals generated during the interaction of
chlorine and PAC were identiﬁed by electron spin resonance (ESR). In
addition, a series of PAC sample were also used to further evaluate the
effect of carbon surface functional groups on this interaction by comparing the kinetics and contents of functional groups. Density functional
theory (DFT) calculations were also applied to further investigate the

2. Materials and methods
2.1. Materials
Original carbon (denoted C-initial) was a coconut-shell PAC with
1080 mg g−1 iodine value obtained from Xinhua Activated Carbon,
Ltd. (Ningxia, China). As shown in Fig. S1, the PAC particle size ranged
from 5 to 100 μm and the d50 was 15.73 μm, which was measured by
the Mastersizer 2000 (Malvern, UK). All PAC samples were washed
with deionized water (DI water, with a resistivity > 18.2 MΩ·cm)
until an approximately neutral pH (pH = 7.0 ± 0.5) was obtained and
dried at 105 °C for 12 h. Then, PAC stock suspensions with a concentration of 1 g L−1 were prepared. Pure sodium hypochlorite, which was
purchased from Sinopharm Chemical Reagent Co., Ltd. (AR, China)
was used to prepare the chlorine stock solutions at a concentration of
1.0 g L−1 of Cl2.
BPA and MB stock solutions with concentrations of 25 mg L−1 were
prepared in DI water. Borate sodium and boric acid (10 mM) were used
as pH buffer solutions at pH 7.5 and pH 9.5. Sodium monohydrogen
phosphate and sodium dihydrogen phosphate (10 mM) served as a
pH buffer at pH 5.5 (Suidan et al., 1977). All reagents used were of analytical grade unless indicated otherwise.
2.2. Experimental procedure
Two sets of experiments were conducted to investigate the effects of
PAC on chlorine reactions.
A) Three different experiments were conducted to assess the
chlorine oxidation of BPA (5 mg L−1) and MB (5 mg L−1) solutions: 1) only 10 mg L −1 of PAC was added (denoted PAC);
2) chlorine alone was added at a concentration of 3.5 or
7 mg L−1 of Cl2 to BPA or MB, respectively (denoted Chlorine);
and 3) both PAC (10 mg L−1) and chlorine (3.5 or 7 mg L−1 of
Cl2 for BPA or MB, respectively) were added at the same time
(denoted Chlorine+PAC).
B) Another set of experiments was conducted to exclude the effect of PAC adsorption on the chlorine reactions. A BPA
(5 mg L −1 ) or MB (5 mg L −1 ) solution was ﬁrst incubated
with PAC (10 mg L−1) for 2 h. After adsorption, half of the solution was ﬁltered to remove PAC and the BPA or MB adsorbed
to it (denoted Chlorine), while the other half retained the PAC
(denoted PAC-chlorine). Finally, a certain amount of the chlorine (3.5 or 7 mg L−1 of Cl2 for BPA or MB, respectively) solution was added to induce oxidation.
Each experiment was repeated three times. The concentrations of
the BPA and MB solutions were selected based on previous studies
(He et al., 2018; Li et al., 2008; Ren et al., 2014; Sharif et al., 2017;
Xiong et al., 2020). The temperature was kept at 25 °C and the mixing
rate was around 300 rpm. We veriﬁed that the pH remained constant
during kinetic experiments (i.e., variation < 0.02 pH unit). Aliquots
were withdrawn at different reaction times, and Na2S2O3 was immediately added at a molar ratio of 1.2:1 to quench the residual chlorine. The
amount of residual chlorine was also measured at different intervals.
2.3. Analysis methods
The concentration of BPA was measured using high-performance
liquid chromatography (1200 series; Agilent, USA) with a Zorbax SBAq column (5 μm, 4.6 × 250 mm; Agilent, USA). The mobile phase was
a mixture of methanol and water with a ratio of 60: 40. The ﬂow rate
was 1.0 mL min–1 and the detection wavelength was 275 nm.
2
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3. Results and discussion

The concentration of the MB solution was analyzed by measuring
the absorbance at 662 nm using a UV–visible spectrophotometer
(MAPADA UV-6100, Shanghai, China).
The N,N-diethyl-p-phenyldiamine (DPD) method was used to measure
the amount of residual free chlorine in solution, presented as mg L−1 of Cl2
(HACH Pocket Colorimeter II, USA). The pH was measured with a pH
meter (HACH HQ 40d, USA) after calibration with standard solutions
prior to use.

3.1. The effect of PAC on the chlorine reaction process
Two experiments were conducted according to Section 2.2 procedure
A to observe the effects of PAC on the chlorine oxidation of BPA and MB, as
shown in Fig. 1. Since MB was considered to be photodegraded easily, a
control reaction containing only MB was conducted under laboratory
lighting, and the results are shown in Fig. S3. Under laboratory lighting,
negligible degradation of MB was observed. The addition of PAC enhanced
the chlorine oxidation of BPA and MB. BPA and MB degradation rates in
the presence of Chlorine+PAC were approximately 3 times faster than
in the presence of chlorine alone. Similarly, the chlorine decay rates during
BPA and MB degradation by Chlorine+PAC were also approximately 3
times faster than chlorine alone, as shown in Fig. S4. Thus, we inferred
that PAC promoted the reaction of chlorine with BPA/MB. Furthermore,
another experiment was conducted using the method described in
Section 2.2 procedure B to distinguish whether the improvement was
only due to the accumulation of “adsorption by PAC”, “oxidation by chlorine” or the catalytic effect in the BPA and MB treatments, and the results
are shown in Fig. S2. As shown in Fig. S5a and b, PAC adsorption of BPA
and MB reached equilibrium after 20 min and 40 min, respectively. After
2 h of adsorption by PAC, PAC with BPA or MB adsorbed on it was removed
by ﬁltration for the system containing chlorine alone (the adsorption efﬁciency is also shown in Fig. S5), and then chlorine was added to the ﬁltrate.
For PAC‑chlorine, after 2 h of adsorption by PAC, chlorine was directly
added to the solution in the presence of PAC. Therefore, the PAC‑chlorine
system contained more reactants (one part in the solution was same as
the reaction with chlorine alone, and the other was adsorbed on the
PAC) than the system with chlorine alone, from which PAC with the reactants adsorbed on it has already been removed. This treatment would
eliminate the effect of PAC adsorption. Even if chlorine reacted with BPA
or MB adsorbed on the PAC and facilitated their adsorption from the solution by PAC, chlorine would not result in a greater reduction in the residual BPA/MB concentration of the efﬂuents. In addition, chlorine would
tend to react with BPA/MB in the solution rather than the molecules
adsorbed on the PAC, and thus, the decrease in the BPA/MB concentration
might lead to the release of BPA/MB from the PAC. Nevertheless, in the
presence of PAC, the apparent reaction rates of BPA and MB with chlorine
were substantially increased. Thus, it could be concluded that chlorine reacts more rapidly with the BPA/MB in the presence of PAC. The increase in
the chlorine decay rate in the presence of PAC was also consistent with the
increase in the BPA/MB degradation rate, as shown in Figs. S4c–d and S2.
Although BPA was highly reactive with chlorine, the presence of PAC increased the reaction rate from 0.116 min−1 to 0.132 min−1. However,
this increase was signiﬁcantly lower than the increase observed when
PAC was added at the same time as chlorine, as shown in Fig. 1a (k =
0.265 min−1). This suggested that the preadsorption of BPA onto PAC
may have occupied some active sites, resulting in less of an increase in
the reaction rate. For MB, chlorine oxidized only 50% of MB when PAC
was removed by ﬁltration. However, in the presence of PAC, MB was
completely oxidized by chlorine within 360 min. The chlorine oxidation
reaction rate increased from 0.003 min−1 to 0.017 min−1, i.e., more than
ﬁve times. This acceleration has also been observed in the chlorine oxidation of organic matter other than the oxidation of Mn(II), as shown in a
previous study (G. Li et al., 2019).
In addition, another experiment under scheme B in Section 2.2 using
phenol as the reactant was conducted to further verify the effect of PAC
on the chlorine reaction and the results are shown in Fig. S6. Without
PAC, the chlorine barely reacted with phenols at pH 7.5 and more than
90% phenol was left in the solution after 120 min. However, with the
presence of PAC, the reaction rate was more than three times
(0.016 min−1) of that without PAC (0.005 min−1). Thus, the PAC promoted chlorine to oxidize more phenols in the solution. According to
previous studies, it could be inferred that free radical reactions played
an important role in the chlorine reactions in the presence of PAC, and

2.4. Preparation and characterization of carbon samples
The C-500, C-850 and C-1000 were prepared by heating the Cinitial in a tube furnace to 500, 850 or 1000 °C under N2 to modify
their surface characters without signiﬁcantly changing their textural
structures. The temperature increased from ambient temperature to
500, 850 or 1000 °C at a rate of 5 °C min–1 in a N2 atmosphere, and
was then maintained at 500/850/1000 °C for 2 h; ﬁnally, it was
allowed to decrease to room temperature. C-H 2 was prepared by
heating the C-initial in a tube furnace to 150 °C under H2 with temperature increase rate of 5 °C/min. The C-H2 sample was maintained
at 150 °C for 2 h in a H2 atmosphere; ﬁnally, it was allowed to decrease to room temperature.
The speciﬁc surface area and pore size distribution of carbon
samples were determined by conducting a nitrogen adsorption/
desorption experiment using an AUTOSORB (Quantachrome, USA)
computer-controlled surface analyzer. The samples were degassed
at 160 °C for two and a half hours before the analysis. The surface
area was measured by the BET (Brunauer-Emmet-Teller) method.
The pore size distribution was determined by density functional
theory (DFT). Micropore (V micro ) and mesopore (V meso ) volumes
were determined by the t-plot and BJH (Barrett, Joyner and
Halenda) methods.
The surface groups of PAC samples were characterized by Fourier
transform infrared (FTIR) spectroscopy, Raman spectroscopy, and Xray photoelectron spectroscopy (XPS) using a NEXUS 670 FTIR spectrophotometer (Nicolet, USA), a Horiba Scientiﬁc LabRAM HR Evolution
(HORIBA JY, France) and a Kratos AXIS SUPRA (Shimadzu, Japan), respectively. The samples used for FTIR spectroscopy were prepared
using the KBr pellet method. The mass ratio of activated carbon to KBr
was 0.1%. The mixture of the KBr and sample was pressed using a hydraulic press to obtain sample pellets. A pure KBr pellet was also prepared using a similar procedure.
Free radicals were detected by measuring electron spin resonance
(ESR) using a Bruker model A300-10/12 electron paramagnetic resonance spectrometer (Bruker, Germany) with DMPO as a spin-trapping
agent. The test sample was prepared by adding 100 μL NaClO (30% w/
w) and 10 μL DMPO (0.1 mM) into 1 mL PAC solution with a concentration of 100 mg L−1. The sample was immediately transferred to the device thereafter.
2.5. DFT calculation
The Vienna Ab Initio Package (VASP) was applied to perform all
the spin-polarized density functional theory (DFT) calculations
within the generalized gradient approximation (GGA) in the PBE formulation (Kresse and Furthmüller, 1996). The projected augmented
wave (PAW) potentials were chosen to describe the ionic cores, and
valence electrons were considered using a plane wave basis set with
a kinetic energy cutoff of 400 eV (Blochl, 1994). Partial occupancies
of the Kohn−Sham orbitals were allowed using the Gaussian
smearing method and a width of 0.05 eV. Electronic energy was considered consistent when the energy change was less than 10−7 eV.
Geometric optimization was considered convergent when the
energy change was less than 10−6 eV. The DFT-D3 methodology developed by Grimme and colleagues was used to describe the dispersion interactions (Grimme et al., 2010).
3
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Fig. 1. Fitting of ﬁrst-order kinetics of BPA (a) and MB (b) removal rate by chlorine, PAC and Chlorine+PAC (pH = 7.5, PAC dosage: 10 mg L−1; a: C(BPA) = 5 mg L−1, C(NaClO) = 3.5 mg L−1
as Cl2; b: C(MB) = 5 mg L−1, C(NaClO) = 10 mg L−1 as Cl2).

systems also decreased over time. The liquid chromatograms and UV–
vis absorbance spectra of the BPA and MB intermediates produced during the chlorine and PAC-chlorine reactions were compared, as shown
in Fig. S7a and b, respectively. The same peak values in the liquid chromatograms and UV absorbance spectra during BPA and MB oxidation by
the chlorine and PAC-chlorine systems appeared at the same time, indicating that the intermediates in the efﬂuent produced by these two oxidation systems were the same. However, the products adsorbed on the
PAC were suggested to be different by Voudrias et al. (1987), and some
reactions, including hydroxylation of the aromatic ring, were observed
in the presence of PAC, suggesting that •OH may also be generated in
the presence of PAC. However, the DMPO-•OH peak was not detected
by ESR in this study with the presence of PAC. The lack of a DMPO•OH peak in the ESR analysis may have been due to the -OH structure
was combined with the PAC surface. In the absence of PAC, a small
amount of HClO might be activated by sunlight, and thus, free radicals
were also detected in the absence of PAC (Guo et al., 2018; Nanbu and
Iwata, 1992). Based on the ESR results, in the presence of PAC, chlorine
may have decomposed into O2•− and Cl• (Chuang et al., 2017; Rao et al.,
2012):

the generation of free radicals may be due to the catalytic effect of PAC
(Voudrias et al., 1987). Therefore, DMPO was added as a spin-trapping
agent to identify the reactive species generated in the chlorine and
PAC-chlorine reactions and to further conﬁrm and distinguish the free
radicals generated by chlorine and PAC. As illustrated in Fig. 2, the ESR
spectra of the chlorine reactions in the absence and presence of PAC
were slightly different.
At 10 min, a noticeable signal for DMPO-•OH with 1:2:2:1 intensity
was observed in the chlorine oxidation system without PAC, whereas
in the presence of PAC, triplet peaks for DMPO-Cl• appeared (Shen
et al., 2020, 2019). At 20 min, the DMPO-•OH signal became weaker in
the chlorine system, whereas the DMPO-Cl• signal was stronger in the
chlorine-PAC system. In addition, the DMPO-•OH peaks disappeared,
and a DMPO-Cl• signal appeared in the chlorine system. For the PACchlorine system, the DMPO-Cl• signal continuously increased over
time and was approximately 2 to 3 times greater than the signal obtained in the chlorine system. In the DMPO-CH3OH system, a signiﬁcant
DMPO-O2•− signal was detected in the PAC-chlorine system, whereas in
the chlorine system, DMPO may have reacted with CH3OH and produced methoxy radicals, as a relatively weak DMPO-O2•− signal was
recognized. The DMPO-O2•− signal observed in the presence of PAC
was 5 to 10 times stronger than the signal generated without PAC. The
DMPO-O2•− signal in the chlorine oxidation and PAC-chlorine oxidation

−
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Fig. 2. Effect of PAC on the generation of free radicals (a & b: DMPO-H2O; c & d: DMPO-CH3OH) at various times.
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Fig. 3. Effects of solution pH on the chlorine oxidation reaction of BPA (a) and MB (b) by Chlorine+PAC (PAC dosage: 10 mg L−1; a: C(BPA) = 5 mg L−1, C(NaClO) = 3.5 mg L−1 as Cl2; b: C
(MB) = 5 mg L−1, C(NaClO) = 10 mg L−1 as Cl2).

decomposition increased from only 0.009 min−1 to 0.038 min−1
(approximately 4–5 times) in the presence of PAC. Therefore, the chlorine oxidation rate of BPA relied more on the speciation of BPA. The effect of pH on the MB chlorine oxidation rate was the same as its effect on
chlorine decomposition. Thus, MB reacted with chlorine more rapidly at
pH 5.5 than at pH 7.5 and pH 9.5 due to the speciation of chlorine.

3.2. Effect of the solution pH on the PAC-chlorine reaction process
To more comprehensively investigate the interaction between chlorine and PAC, the effect of the solution pH on the oxidation process
was studied according to Section 2.2 procedure B (Fig. 3). According to
the distribution of HClO and ClO− at different pH values (Fig. S8,
pKa = 7.54), pH 5.5, pH 7.5 and pH 9.5 were selected. At pH 5.5 and
pH 9.5, HClO and ClO− were the predominant species, respectively. At
pH 7.5, HClO and ClO− were equally dominant. As shown in Fig. S9, Chlorine+PAC achieved faster BPA/MB degradation rates than PAC or chlorine alone at various pH values. As illustrated in Fig. 3, the pH exerted
different effects on the degradation of BPA and MB by Chlorine+PAC.
For BPA, chlorine oxidation was most effective at pH 9.5, followed by
pH 7.5 and pH 5.5. However, for MB, the opposite trend was observed;
the best removal performance was achieved at pH 5.5, followed by pH
7.5 and pH 9.5. Overall, the different reaction rates of the two reactants
under acidic, neutral and basic conditions indicated that the reactants
also signiﬁcantly affected the chlorine reaction, with the exception of
the interaction of PAC and chlorine.
Free chlorine decay rates in the presence of PAC were measured at
various pH values to further analyze the effects of the solution pH on
the chlorine reaction with different pollutants in the presence of PAC
(Fig. S10). The total chlorine concentration decreased more rapidly
under the acidic solution at pH 5.5, followed by pH 7.5 and pH 9.5.
The chlorine oxidation reaction rate order for MB was similar to the
decay rate of total chlorine at different pH values. For BPA, phenol is
more easily dechlorinated in the ionized form than in the nonionized
form upon electrophilic substitution (Gallard and von Gunten, 2002;
Ge et al., 2006). The reaction constant of the ionized forms of BPA
(BPA− and BPA2−) was approximately 104–105 times greater than
that of the nonionized BPA with chlorine (Gallard and von Gunten,
2002; Gonzalez et al., 1996). According to the pKa of BPA and the results
from previous studies, the reaction between BPA and chlorine was most
efﬁcient at approximately pH 9, and an increase or decrease in pH
would reduce the reaction rate (Ge et al., 2006). The rate of chlorine
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groups on interactions between PAC and chlorine. As suggested in a previous study (Marsh and Rodríguez-Reinoso, 2006), heating PAC at temperatures greater than 300 °C under a nitrogen atmosphere would
eliminate carboxylic groups, and the lactomic and ester groups on the
carbon would decompose when the temperature is increased above
700 °C, and almost all the surface oxygen groups, including the quinone
and phenolic groups, on carbon would be eliminated when the temperature is increased to 1000 °C. Thus, the initial PAC was thermally treated
under an N2 atmosphere at 500 °C, 850 °C and 1000 °C. The effects of
PAC samples subjected to different treatments on the chlorine oxidation
of BPA and MB are illustrated in Figs. 4 and S11 (according to Section 2.2
procedure B); the effect of PAC on accelerating the chlorine oxidation
process was weakened after thermal treatments under an N2 atmosphere. Moreover, as the heating temperature increased, the acceleration effect of PAC was weakened. In addition, as shown in Fig. 5, the
ESR signals were also weakened as the PAC was heated under increasing
temperatures. The BPA/MB reaction rates in the presence of various PAC
samples were analyzed by t-tests, and the results are shown in Tables S1
and S2. The differences in reaction rates between each pair of PAC
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C(NaClO) = 10 mg L−1 as Cl2).
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and the effects of delocalized π electrons on the basal plane were increased, as suggested by the ID/IG results shown in Fig. 6. Carbon materials with higher ID/IG ratios have been suggested to contain more
defects, which may enhance the catalytic effect of PAC (Sun et al.,
2012). Therefore, the reaction rate with modiﬁed PAC, particularly the
PAC samples modiﬁed under N2, which have a higher ID/IG values, should
be greater; however, the reaction rates for BPA and MB actually decreased. With the exception of these two factors, the surface groups on
PAC should be considered a critical factor inﬂuencing the PAC-mediated
catalysis of chlorine reactions.
The surface oxygen and nitrogen contents of different PAC samples
were characterized by XPS, as shown in Fig. 7 and Table S3. Their correlations with the reaction kinetic constants of BPA and MB are shown in
Table 2. A signiﬁcant positive correlation was observed between the
kinetic constant and oxygen content of each reaction, whereas the nitrogen content did not correlate with the kinetic constant of the
reaction. Thus, surface oxygen groups should dominate in the PACmediated catalysis of chlorine. The C1s and O1s peaks of these PAC samples and their deconvolution are presented in Fig. S14. The C1s spectra
of the carbon samples generally exhibited three peaks with different
binding energy values obtained by deconvolution corresponding to
(C\\I) C\\C and C\\H (graphitic carbon) at 284.8 eV, (C-II) C\\O
(phenolic, alcohol and ether) at 285.5 eV and (C-III) O=C-O (carboxyl
and ester) at 288.5 eV. The O1s spectra of the carbon samples
displayed three peaks with different binding energy values obtained
by deconvolution corresponding to (O\\I) C_O groups (ketone, lactone, ester and carboxyl) at 531.10 eV, (O-II) C-OH or C-O-C groups
at 533.07 eV and (O-III) chemisorbed oxygen at 535.10 eV. The content of each surface oxygen group (O\\I, O-II and O-III) was calculated by multiplying their ratio in the O1s peaks and the oxygen
percentage in the PAC (Liu et al., 2013).
As shown in Table 2 and Fig. S13, only the O\\I content signiﬁcantly
correlated with the kinetic reaction constants. In contrast, the p value
was not less than 0.05, indicating the lack of a signiﬁcant correlation,
and the O-III (chemical chemisorbed oxygen) content obviously decreased as the kinetic reaction constant decreased. Dissolved oxygen
promotes the generation of free radicals, as shown in a previous study
by Hua et al. (2019). Therefore, we inferred that chemically adsorbed
oxygen may also contribute to catalysis by PAC. However, the most critical role was assigned to the O\\I groups (C_O groups), including

C-H2

Intensity

C-1000
C-850
C-500
Initial

3420

3440

3460

3480

3500

3520

Magnetic field (G)
Fig. 5. Effect of various carbons on the generation of free radicals.

The physical and chemical properties of these four PAC samples including, the initial carbon and the three thermally treated carbon samples,
were characterized by BET, FTIR spectroscopy, Raman spectroscopy and
XPS to further analyze the effects of the PAC surface properties on catalysis. As shown in Fig. S12 and Table S3, the surface area and pore volume
(including micropore and mesopore volumes) of these carbon samples
were similar, and the pore size distributions were nearly the same.
Therefore, the differences observed on the experiments are not attributed
by carbon textural properties. Raman spectroscopy was applied to evaluate variations in the internal carbon layer and assess the internal and surface chemical properties of PAC samples, as shown in Fig. 6a. The intensity
ratios of the D band and G band (ID/IG) were calculated. The intensity of
the Raman spectrum decreased after thermal treatment. Additionally, the
ID/IG ratios increased with temperature from 500 to 1000 °C, which indicated the growth of basic graphene structural units in the carbon (Englert
et al., 2013; Lazzarini et al., 2016; Schuepfer et al., 2020). Previous studies
of ozone oxidation catalyzed by AC have suggested that the metallic centers of mineral matter, the π electrons of the basal plane, and the oxygenated basic groups present on the surface of AC are mainly responsible for
ozone decomposition in aqueous media(Alvárez et al., 2006; RiveraUtrilla and Sánchez-Polo, 2004, 2002; Sánchez-Polo et al., 2005). After
thermal treatment, the mineral content in the PAC was not reduced,

b
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C-550

C-initial

IG/ID=1.06
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T (%)
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a

640

0

2000

4000

0

Wavenumber (cm-1)

1458 1575
1092

1000

2000

2920

3000

3436

4000

Wavenumber (cm-1)

Fig. 6. a) Raman spectra and b) FTIR spectra of various PACs.
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8
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Fig. 7. Different carbon (a) and oxygen (b) contents of various PACs based on XPS results.

signiﬁcantly, and the O-II content increased. The –C=O group may
have transformed into a –C–OH group during heating under a hydrogen
atmosphere. Thus, the catalytic efﬁcacy was reduced. The content of
O\\I in the PAC-H2 was 3.53%; this value was applied in subsequent
calculations using the equation obtained from Fig. S12d. The calculated kinetic reaction constants for PAC-H2 were 0.114, 0.025 and 0.138 min−1,
respectively, which were greater than the experimental values shown in
Fig. 4. Thus, the modiﬁcation of the carbon layer in PAC would also contribute to its catalytic performance. The thermal treatment under N2 at
high temperatures increased the ID/IG value; however, the hydrogen
treatment did not increase the ID/IG value. Thus, defects in the carbon
layer improved the catalytic activity of PAC. The unpaired π electrons at
the edges of graphene may delocalize to some extent to contribute electrons. PAC alone was also characterized by ESR, as shown in Fig. S15.
The wide spin here was similar to the localized spins originating from
the edges of graphene (Joly et al., 2010; Su et al., 2012). The π electron
radicals at the edges of graphene may have delocalized along the edges
to some extent and showed fast spin-lattice relaxation through interactions with the adjacent π electron system, thus resulting in a broad
linewidth in ESR. Therefore, we also speculated that the observed catalytic
activity is related to the localized spins created at the edge of π electrons.

ketone, lactone, ester and carboxyl groups. According to previous studies, catalysis mediated by carbon materials is determined mainly by surface oxygen functional groups, such as ketone or carboxyl groups, both
of which contain C_O bonds (Su et al., 2012; Sun et al., 2012).
The surface functional groups of these PAC samples were also characterized by FTIR spectroscopy (Fig. 6b). The spectra contained pronounced
peaks at 640, 1092, 1458, 1575, 2920 and 3436 cm−1; the corresponding
functional groups are presented in Table 1. The intensities of all peaks
were reduced after the thermal treatment, particularly the peak at 640
cm−1 and the wide bands at approximately 1458 and 1575 cm−1,
which are assigned to the out-of-plane bending mode of the C\\H or
O\\H groups and the combination of carboxyl C_O stretching of nonaromatic carboxylic acid and lactone structures, respectively. Thus, the
reduced content of C_O groups in the thermally treated carbon may be
related to the weak catalytic activity of thermally treated PAC.
3.3.2. Effect of PAC modiﬁed under a hydrogen atmosphere
PAC was treated with hydrogen at 150 °C to modify only the surface
oxygen groups and further distinguish the effect of π electrons of the
basal plane. In contrast to treatment under a nitrogen atmosphere, the surface oxygen groups were eliminated in the hydrogen atmosphere even at
very low temperatures, and thus, the carbon layer structure of PAC would
not be modiﬁed. The Raman spectrum of C\\H2 was almost the same as
that of C-initial. Moreover, the ID/IG value of C\\H2 (1.00) was similar to
that of C-initial (1.05), indicating that the carbon layer in the PAC did not
change after the H2 treatment. As illustrated in Figs. 4 and 5, C\\H2 was
the most ineffective group in the catalysis of BPA and MB oxidation by
chlorine. The reaction kinetic constant was reduced by almost 30% when
PAC was treated with H2, conﬁrming that the surface oxygen function
group was required for the catalysis/promotion of the chlorine reaction.
The FTIR spectrum also showed that the intensity of the peak for the
surface functional group C\\H2 was reduced. The XPS spectra showed
that the surface oxygen content was reduced from 8.11% to 6.94% after
H2 treatment, similar to that of C-500. The O\\I, O-II and O-III ratios
were also obtained by deconvolving the O1s peaks, which were 0.58%,
98.58%, and 1.34%, respectively. The O\\I content decreased

3.4. DFT calculations
Seven common oxygen groups, including carboxyl, carboxylic acid anhydride, lactone, oxyhydryl, ketone, quinone and ether groups, were selected as representative units for the DFT calculations to further analyze
the effects of oxygen functional groups on PAC on the dissociation of chlorine, as shown in S16. The DFT calculations of the energy proﬁles for the
HOCl composition with different groups and alone are shown in Fig. 8.
Generally, the dissociation of HClO was relatively difﬁcult due to the
high energy barrier (3.41 eV). The other ﬁve oxygen groups lowered the
energy barrier to 0.69–2.16 eV, particularly in the carboxyl-doped
graphene structure (0.69 eV), which signiﬁcantly promoted the dissociation of HClO. Since carboxyl contains C_O bonds, this result is consistent
with the results described in Section 3.3, where the C_O structure dominated the HClO decomposition. Moreover, based on the DFT calculations,
the –OH structure was ﬁrst adsorbed onto PAC rather than\\Cl. This result
was also conﬁrmed by the SEM-EDS results, which did not reveal obvious
increases in the chlorine content on the PAC surface after the interaction
with chlorine (Fig. S17). However, as shown in the DFT calculations,

Table 1
FTIR spectrum band assignments.
Wavenumber
(cm−1)

Assignments

Reference

3436

O-H stretching by the hydroxylic group and
chemisorbed water
C-H stretching in –CH, –CH2 and –CH3 groups
were observed
combination of carboxyl C_O stretching of
non-aromatic carboxylic acid and lactone
structures
C-O stretching in acids, alcohols, phenols, ethers
and/or esters groups
out-of-plane bending mode of the C\
\H or O\
\H
group

(Pradhan and
Sandle, 1999)
(Pradhan and
Sandle, 1999)
(Torrellas et al.,
2015)

2920
1575, 1458

1092
640

Table 2
The correlations between kinetic reaction constants (k) and different surface groups content.
k
BPA

(Boehm, 1971)
MB
(Ceyhan et al.,
2013)

2

r
p
r2
p

O%

N%

C-I%

C-II%

C-III%

O-I%

O-II%

O-III%

0.997
0.001
0.982
0.006

0.751
0.087
0.787
0.074

0.310
0.355
0.336
0.669

0.400
0.086
0.467
0.074

0.744
0.091
0.670
0.119

0.942
0.019
0.897
0.035

0.809
0.066
0.846
0.053

0.610
0.140
0.600
0.144

The bold number in the table means that the correlation is signiﬁcant.
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Fig. 8. Energy proﬁles of HOCl decomposition on various PAC surface oxygen groups.

toward chlorine. According to the ESR results, PAC catalyzed chlorine
degeneration to generate Cl• and O2•−. Moreover, the thermal
modiﬁcation of PAC under N2 and H2 atmospheres reduced the effect
on promoting chlorine reactions with BPA and MB, particularly for
PAC\\H2. The analysis of surface groups on modiﬁed PACs and their
reaction rates, suggested that the catalytic effect could be related to
the C_O groups and unpaired π electrons. DFT calculations showed
that the activation barrier for HOCl decomposition was signiﬁcantly
reduced by the oxygen groups on the PAC surface, particularly carboxyl
groups. This ﬁnding revealed the interactions between carbon
materials and chlorine, which could be applied for more efﬁcient
water treatment.

when lactone- and quinone-doped units contacted chlorine, their group
structures were destroyed. The –OH group doped on carbon was converted into C\\O or C_O. The XPS analysis of PAC-chlorine also showed
that after contacting HClO, the oxygen content on the PAC surface increased (Fig. S18).
Overall, PAC catalyzed the degeneration of chlorine to generate chlorine radicals and superoxide radicals. Surface oxygen groups, particularly carboxyl groups, and unpaired π electrons contributed to the
catalytic performance; the proposed reaction pathway is shown in
Fig. 9. The carboxyl groups on the PAC surface may have a strong potential to coordinate a redox process. As shown in Fig. 9, the catalytic ability
of PAC was believed to be related with C_O groups. The C_O groups
located at the boundaries possess lone-pair electrons and interact
with HOCl via C=O-H-O-Cl bonding to weaken the O\\Cl bond. The
electrons transferred from the C_O group via C=O-H-O-Cl bonding
produce Cl•. The metastable HClO molecule produces a O2•− with surface adsorbed oxygen and restores the C_O site to fulﬁll the redox
cycle (Duan et al., 2018, 2016, 2015; Lee et al., 2015).
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