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Significant enhancement in catalytic ozonation efficacy:
From granular to super-fine powdered activated carbon
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1 Introduction

Industrial wastewater is considered to be among the most

severe sources of pollution, owing to the frequent presence
of refractory and toxic matter [1]. To remove such
refractory organics, advanced oxidation processes
(AOPs) are often required [2]. AOPs are a class of efficient
technologies in which refractory organics are removed by
means of radicals [3]. Among the various AOPs, ozonation
is a promising advanced treatment technology due to its
non-toxic oxidation products (predominantly water, carbon
dioxide, and oxygen) [4]. However, ozone is a selective
oxidant and reacts only with certain moieties. Substances
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H I G H L I G H T S

• SPAC significantly enhanced the efficacy of
catalytic ozonation.

•Large external surface reduced the diffusion
resistance.

• Surface reaction was dominant for SPAC-based
catalytic ozonation.

• Simple ball milling brought favorable material
characteristics for catalysis.
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G R A P H I C A B S T R A C T

A B S T R A C T

In this study, super-fine powdered activated carbon (SPAC) has been proposed and investigated as a
novel catalyst for the catalytic ozonation of oxalate for the first time. SPAC was prepared from
commercial granular activated carbon (GAC) by ball milling. SPAC exhibited high external surface
area with a far greater member of meso- and macropores (563% increase in volume). The catalytic
performances of activated carbons (ACs) of 8 sizes were compared and the rate constant for pseudo
first-order total organic carbon removal increased from 0.012 min–1 to 0.568 min–1 (47-fold increase)
with the decrease in size of AC from 20 to 40 mesh (863 mm) to SPAC (~1.0 mm). Furthermore, the
diffusion resistance of SPAC decreased 17-fold compared with GAC. The ratio of oxalate degradation
by surface reaction increased by 57%. The rate of transformation of ozone to radicals by SPAC was
330 times that of GAC. The results suggest that a series of changes stimulated by ball milling,
including a larger ratio of external surface area, less diffusion resistance, significant surface reaction
and potential oxidized surface all contributed to enhancing catalytic ozonation performance. This
study demonstrated that SPAC is a simple and effective catalyst for enhancing catalytic ozonation
efficacy.
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that resist oxidation by ozone alone include carboxyl acids
and compounds containing aliphatic chains [5]. Thus,
catalytic ozonation has been proposed as an alternative
technique. It improves the oxidation performance of ozone
by decomposing ozone into radicals. The less-selective
radical oxidants allow total mineralization of the refractory
matter. Ozone itself decomposes into hydroxyl radicals
upon reaction with hydroxides [6,7], but these radicals are
generated more efficiently with the help of various
catalysts [8]. Such catalysts include homogeneous cata-
lysts and heterogeneous catalysts. Homogeneous catalysts,
predominantly transition metal ions [9–12], are not suitable
for catalytic ozonation applications because of leaching
risks and separation problems [13]. Heterogeneous
catalysts, on the other hand, have resulted in enhanced
performance. These include carbon-based materials [5,14–
17] and metal oxides [8,11,18,19].
Activated carbon (AC) is an effective and low-cost

heterogeneous catalyst for ozonation [20,21]. The func-
tional groups and large surface area of AC are the key
characteristics for catalytic ozonation. Nitrogen and
oxygen functional groups can be strengthened by chemical
methods [22], and the increase of oxygen [7,23] and
nitrogen groups [24,25] on the surface correlate with
enhanced catalytic performance. Nitrogen functional
groups increase electron density and thus can be more
attractive toward ozone [26]. Oxygen functional groups act
as initiator in the chain reaction mechanism [27] and act as
adsorption sites in surface reactions [28]. Existing research
[24,26,29] shows that surface area correlates positively
with catalytic reactivity in the case of AC. Larger surface
area increases the number of adsorption sites available for
surface reaction [25], enhances the adsorption rate and thus
improves the performance of ozonation [28]. Conse-
quently, significant attention is now being given to super-
fine powdered activated carbon (SPAC). SPAC is sub-
micron in size and has been proved to be a very effective
adsorbent (it can provide 5-fold increase than powdered
activated carbon in adsorption capacity) [30–33]. It has
large specific external surface area, and contains oxygen
functional groups [31]. These characteristics may facilitate
the catalytic ozonation process. Even though previous
studies have considered the effect of functional groups and
surface area, they have not specifically investigated the
effect of surface area on catalytic reactivity. A simple
method for increasing the surface area, decreasing
diffusion resistance and the functional group at the same
time has not been developed.
Here we report, for the first time, the application of

SPAC as an efficient ozonation catalyst that is easy to
prepare. A commonly used catalyst, granular activated
carbon (GAC) was chosen as the precursor for the
preparation of SPAC and as a benchmark to evaluate the
performance of SPAC. The catalytic performance of SPAC
in the ozonation of oxalate was investigated and compared
with that of GAC at different dosages. To investigate the

effect of surface area on the catalytic performance,
activated carbon particles with a range of diameters were
fabricated by pulverization of GAC and compared. The
reaction sites for catalytic ozonation were determined and
the impact of external surface area was evaluated using the
adsorption rate and O3 to $OH transformation efficiency
(measured by Rct values) [34]. Possible mechanisms of
catalytic ozonation by SPAC are discussed in this article.

2 Materials and methods

2.1 Preparation of super-fine powdered activated carbon
and activated carbon with different particle sizes

Pristine wood-based GAC (HG 3-1290, Beijing Chemical
Works, China), was pretreated in a solution of HCl/HNO3

(3:1 v/v) under sonication and then rinsed with Milli-Q
ultra-pure water (resistivity≥18 MW$cm) to remove
impurities [35,36]. AC samples of various particle sizes
were obtained by pulverizing pristine AC using a grinder.
These were screened using standard sieves with 10, 20, 40,
70, 100, 160, 300, and 800 mesh sizes. AC samples with
20–40 mesh size are referred to as GAC in this article.
SPAC samples were fabricated as follows: GAC as
precursors were ball milled for 1 h to SPAC using a
planetary ball mill (QM-3SP2, Nanjing NanDa Instrument
Plant, China) in the slurry state, then filtered through a 0.22
mm membrane (polyvinylidene fluoride, Millipore, USA)
and dried in an oven at 104°C overnight.

2.2 Material characterizations

The particle size of all types of activated carbon used in
this study was determined by a laser diffraction particle
size analyzer under sonication (Beckman LS13320, USA)
(Fig. S1). The hydrodynamic diameter of SPAC suspen-
sion was characterized by dynamic light scattering (DLS,
Beckman DelsaNano C, USA). The zeta potentials of
SPAC and 300–800 mesh AC suspensions were analyzed
(Beckman DelsaNano C, USA), which were buffered to
different pH values using phosphoric acid. The Boehm
titration and pH of point zero charge (pHpzc) were
determined as previously reported [37,38]. The morphol-
ogy and size of the samples were characterized by scanning
electronic microscopy (SEM, FEI Quanta200, Nether-
lands). The SEM images and size distributions of these
materials can be found in the Supporting Information (SI,
Fig. S2). The nitrogen adsorption isotherms were measured
using a surface area and porosity analyzer (Micromeritics
2020HD, USA) at 77.4 K. Surface area, external surface
area, and pore distribution were determined by the
Brunauer-Emmett-Teller (BET) and t-plot methods. X-
ray photoelectron spectroscopy (XPS, ESCALAB 250 Xi,
USA) was employed to determine the surface chemical
composition and functional groups [39].
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2.3 Catalytic ozonation tests

Oxalate [40] was selected as the model contaminant, since
it is resistant to oxidation by ozone alone (k< 0.04
M–1$s–1) [41], but vulnerable to radicals (k$OH = ~106

M–1$s–1) [42]. One-liter of oxalate (Sinopharm Chemical
Reagent, China) solution (~0.8 mM, total organic carbon
(TOC) = ~20 mg/L) was stirred with a magnetic stirrer at
room temperature (20°C). Ozone was generated from pure
oxygen using an ozone generator (Tonglin 3S-A3, China)
and continuously injected into the oxalate solution through
a titanium diffuser. The gaseous ozone concentration was
kept at 180–200 mg/L and monitored using a ultraviolet
monitor (Limicen UV-300, China). The dissolved ozone
was determined by the indigo method [43,44]. SPAC and
AC of various size ranges were then separately added at
doses of 0.1, 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 g/L. Samples
were taken at intervals using a glass syringe with a 0.22 mm
filter and immediately mixed with 1 mL of Na2S2O3

solution (0.1 mM) to quench the residual ozone.
Rct describes the ratio of $OH exposure and O3 exposure

and is used to indicate O3 into $OH transformation
efficiency as previously mentioned [34]. p-chlorobenzoic
acid (pCBA, Sigma-Alderich) was used as the radical
probe. The pH was not buffered and t-butanol aliquots
were added (320 mM). An ozone stock solution was
prepared in an ice bath by>30 min ozone aeration to reach
equilibrium.

2.4 Oxalate adsorption tests

To discern the contribution of oxidation and adsorption,
adsorption kinetic tests were carried out. The dose of AC
was 2.0 g/L, which was found optimal in catalytic
efficacy in this study, and the concentration of oxalate was
100 mg/L, the same as in catalytic ozonation experiments
in this study. The method for calculating kinetic constants
is described later in the following paragraph. To investigate
pore diffusion and external surface adsorption perfor-
mance, sonication (300 W, 40 kHz) was incorporated into
the adsorption process [45]. The pH was not buffered in
any of the experiments in this article except for the
determination of zeta potential. All chemical reagents used
were analytical grade or higher purity grade. All the results
obtained in this study are reported as the average of
triplicate measurements.

2.5 Analytical methods

TOC was measured using TOC-V (SHIMADZU, Japan).
Oxalate concentration was monitored at 210 nm by Agilent
HPLC with Atlantis T3 Column (5 µm, 4.6 mm � 150
mm, Waters, USA). The mobile phase was 20 mM
NaH2PO4 aqueous solution adjusted to a pH of 2.6 with
phosphoric acid [46]. pCBA concentration was determined
by HPLC at 240 nm with Eclipse XBD Column (5 µm,

4.6 mm � 150 mm, Agilent, USA). The mobile phase was
60:40 methanol and pure water solution adjusted to a pH of
2.7 with phosphoric acid. The pH of the suspension was
measured using a portable pH meter (Mettler Toledo
SevenGo, Switzerland).

2.6 Kinetic analysis

The removal of oxalate was modeled as a pseudo first order
reaction for ozonation processes. The removal rate and
removal rate constant are given by Eqs. (1) and (2):

dC=dt ¼ – k0C, (1)

lnðCt=C0Þ ¼ – k0t, (2)

where C is the TOC or oxalate concentration in the
solution, t is the reaction time, C0 and Ct are the TOC or
oxalate concentration when t = 0 and t = t, respectively, and
k’ is the pseudo first order reaction rate constant.
The Rct value was calculated by [34]:

Rct ¼ !½$OH�dt=!½O3�dt, (3)

lnð½pCBA�t=½pCBA�0Þ ¼ – k$OH=pCBARct!½O3�dt, (4)

where k$OH/pCBA = 5 � 109 M–1$s–1 [34].
A pseudo second-order kinetic model was used for the

adsorption processes [45]:

t

qt
¼ 1

k2q
2
e
þ 1

qe
t, (5)

where qe and qt are the amounts of oxalate adsorbed on AC
at equilibrium and at time t respectively, k2 is the pseudo
second-order rate constant.
To further investigate the diffusion resistance, the initial

adsorption rate n0 was also calculated [45]:

v0 ¼ k2q
2
e : (6)

3 Results and discussion

3.1 Catalytic ozonation performance of SPAC and GAC

All ACs enhanced the degradation of oxalate by ozone
when compared to degradation by ozone alone. SPAC
(represented by hollow symbols in Fig. 1(a) outperformed
GAC (solid symbols) at identical doses during the catalytic
ozonation of oxalate. When the concentration of SPAC
was 1.0 g/L, more than 90% of TOC was removed within
10 min. When the same concentration of GAC was used
over the same time frame, only 3% of TOC was removed.
Similar improvement was also obtained at 2.0 g/L. Besides
TOC degradation, the pH of the solution and dissolved
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ozone concentration were monitored (Fig. S3). The pH was
around 3.1 initially. The final pH of those experiments with
SPAC rose to nearly 6.5, whereas pH with GAC was£4.0.
This pH increase is believed to have mainly resulted from
the degradation of oxalate. Dissolved ozone was also
readily decomposed and remained at ~0.2 mg/L for SPAC.
It was much higher level for GAC (around 6–7 mg/L).
These results showed that SPAC was better at mineralizing
oxalate and decomposing ozone GAC.
Regarding TOC degradation, SPAC had much higher

catalytic reactivity than GAC from a kinetic perspective
(Fig. 1(b)). TOC removal data fits the pseudo first order
reaction model (dot lines) well for both SPAC and GAC

(R2>0.95). Kinetic rate constants for the catalytic ozona-
tion of oxalate were compared at different SPAC and GAC
dosages (Fig. 1(b)). When the concentration of SPAC was
1.0 g/L, the rate constant was 0.40 min–1, 62 times that of
GAC under identical conditions. Furthermore, the rate
constants were much higher for SPAC than GAC at all
dosages (between 21 and 87 times higher for all dosages
0.1–5.0 g/L). The rate constants for the catalytic ozonation
reactions gradually increased with dosage increase for both
GAC and SPAC (Fig. 1(b)).
In contrast to GAC, rate constants gradually reached a

plateau when the SPAC dosage exceeded 2.0 g/L. This
indicates that when the catalyst dose is above 2.0 g/L (i.e.
surface area of 1490 m2 per liter water), it is no longer the
limiting factor in the ozonation process. It has been
reported that the dose of AC is the factor that determines
the number of reaction sites in oxidation [24,47]. A higher
dose of carbon is expected to lead to higher catalytic
efficacy. However, in this case, higher concentration of
SPAC did not lead to a faster degradation. This may be
because SPAC deposits differently to GAC when added to
water, which will be discussed later. This phenomenon
could also be related to surface reactions that are controlled
by chemical adsorption and may follow the Langmuir-
Hinshelwood or Eley-Rideal mechanisms [48]. The
mechanism for chemical adsorption will be the subject of
future study.
Catalyst dosage has been identified as a key parameter in

determining the efficacy of catalytic ozonation [13]. Thus,
to eliminate the kinetic limitations stemming from
insufficient SPAC dose and to maximize the catalytic
efficacy, 2.0 g/L was chosen as the optimal SPAC dosage
and used in subsequent experiments, unless stated
otherwise.

3.2 Particle size effect on catalytic ozonation

A series of ACs with a range of diameters were tested as
catalysts for ozonation of oxalate, and the catalytic
performance significantly increased with the decrease in
particle size (Fig. 2(a)). As the carbon size decreased, TOC
removal was enhanced. After 20 min, TOC removal was
18% for 10–20 mesh AC (average size: 1351 mm), 42% for
70–100 mesh AC (average size: 248 mm) and 82% for
300–800 mesh AC (average size: 63 mm). When the size
decreased to the smallest-SPAC (average size: 1.4 mm),
90% TOC was removed in only 10 min. The dashed lines
in Fig. 2(a) show that pseudo first-order kinetics accurately
describe (R2>0.96) TOC removal when ACs with a range
of diameters were adopted. The rate constants were
0.008 min–1 for 10–20 mesh, 0.012 min–1 for 20–40
mesh, 0.026 min–1 for 40–70 mesh, 0.027 min–1 for 70–100
mesh, 0.077 min–1 for 100–160 mesh, 0.323 min–1 for 160–
300 mesh, 0.343 min–1 for 300–800 mesh and 0.568 min–1

for the SPAC. The rate constants imply that faster

Fig. 1 (a) TOC removal by the catalytic ozonation of oxalate
using SPAC and GAC as catalysts over time and (b) pseudo first
order rate constants at different SPAC and GAC doses. The dotted
lines are kinetic fitting results. The numbers after SPAC and GAC
are doses with a unit of g/L. Experimental conditions: oxalate
concentration: 100 mg/L, O3 concentration: 180–200 mg/L, and
flow rate: 1.0 L/min. The pH was not buffered
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degradation was achieved when carbon size decreased. A
clear trend can be found between the rate constants and the
average radius of the ACs (Fig. 2(b)). The power of the
fitting function was approximately -1. This supports the
notion that catalytic ozonation by AC is related to
geometric surface area, since the power of the fitting
function can be deduced from Eqs. (7)–(9).

Surface area of a sphere : S ¼ 4πr2, (7)

Volume of a sphere : V ¼ 4

3
πr3, (8)

Geometric surface area :
S

m
¼ S

�V
¼ 4πr2

�
4

3
πr3

¼ 3

�
$
1

r
:

(9)

SPAC was excluded when the above trend was fitted, but
it still followed this trend. The power of the fitting function
is not strictly -1, thus the reduction in particle size is not
the sole factor influencing the improvement in ozonation
performance caused by SPAC. Characteristics of SPAC
other than surface area have also been investigated and
compared with the GACs.

3.3 Other SPAC characteristics favorable to catalytic
ozonation

The ability of SPAC to significantly enhance catalytic
ozonation performance when compared with GACs may
also be related to the following factors: 1) diffusion
enhancement; 2) the significance of surface reaction; and
3) favorable surface chemistry and physics.
1) Diffusion enhancement. The primary step of an

interface reaction, including heterogeneous catalytic ozo-
nation, is mass diffusion to the reaction sites [49]. Previous
discussion neglected oxalate removal by adsorption. It is
difficult to assess catalytic activity regardless adsorption by
activated carbon [50]. Therefore, oxalate adsorption tests
were carried out to determine the amount of removal by
adsorption and the diffusion resistance was indicated by
adsorption kinetics. In this case, SPAC has a higher ratio of
meso- and macropores, which decrease the diffusion
resistance of oxalate to AC and enhance the whole reaction
rate.
Oxalate adsorption by SPAC and GAC with and without

sonication are shown in Fig. 3, accompanied by corre-
sponding kinetic parameters. The dotted and dashed lines
in Fig. 3(a) show a good fit (R2>0.97) with the pseudo
second-order model [45] for oxalate adsorption. SPAC and
GAC exhibited limited adsorption capacity (30% and 25%
oxalate removal over a period of 60 min). SPAC adsorbed
oxalate more quickly during the first 10 min. This was
confirmed with the pseudo second-order rate constant k2
(3.2 g/mg/min, Fig. 3(b)) and the initial adsorption rate n0
(4.6 mg/g/min, Fig. 3(c)) of SPAC, which were 16 and 8
times higher than those of GAC (0.2 g/mg/min and 0.6 mg/
g/min). GAC exhibited slower adsorption in the initial
stage and did not reach equilibrium within the first 60 min,
but had a higher adsorption capacity (18.2 mg/g) than
SPAC (13.5 mg/g) at equilibrium (Fig. 3(d)). When
sonication was applied for GAC, the adsorption rate
accelerated. The initial adsorption rate n0 almost doubled,
from 0.6 to 1.0 mg/g/min, and the amount adsorbed was
higher (increased to 22.0 mg/g). However, sonication had a
negative effect on the SPAC adsorption process. The initial
adsorption rate was slower (decreased to 2.2 mg/g/min)
and the adsorption capacity at equilibrium concentration

Fig. 2 (a) TOC removal by the catalytic ozonation of oxalate
using AC catalysts with various sizes and (b) the relationship
between pseudo first-order rate constants and carbon radius. The
dotted lines in (a) and (b) are kinetics fitting results and fitting
trend. Experimental conditions: oxalate concentration: 100 mg/L,
O3 concentration: 180–200 mg/L, flow rate: 1.0 L/min, carbon
dose: 2 g/L. The pH was not buffered
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was lower (dropped to 12.7 mg/g) compared to results
obtained without sonication.
As reported [33], greater external surface area can lead

to a faster adsorption. This agreed with our own
observation. Sonication is believed to enhance adsorption
by enhancing diffusion into micropores for GAC [45],
which also agrees with our observation (Fig. 3). However,
the applied sonication for SPAC led to a decrease in both
the adsorption rate and equilibrium concentration
(Fig. 3(a)). Larger external surface area and more meso-
and macropores (Table 1) are assumed to be related to fast
adsorption by SPAC. Sonication can aid the desorption
process and even regenerate the used AC [51,52], so

desorption was probably the dominant process for SPAC
during sonication.
In general, SPAC achieved a less oxalate diffusion

resistance through adsorption kinetics. This may be the
result of the higher ratio of meso- and macropores to total
pore volume in SPAC. Less diffusion resistance can assist
catalytic ozonation.
2) Significance of surface reaction and high ozone-to-

radical transformation. Although meso- and macropores
were found to be crucial in adsorption and catalytic
ozonation, the reaction sites for AC catalyzed ozonation
have not been clarified. Oxalate degradation can occur in
bulk solution, at the boundary layer, and on particle

Fig. 3 (a) Adsorption of oxalate by SPAC and GAC with and without sonication; (b) pseudo second-order rate constants; (c) initial
adsorption rates; (d) adsorbed oxalate at equilibrium. Experimental conditions: oxalate concentration: 100 mg/L, carbon dose: 2 g/L. The
pH was not buffered

Table 1 Surface area characterizations of GAC, 100–160 mesh AC and SPAC

Sample SBET (m2/g) Sa, b)micro (m
2/g) Sa)ext (m

2/g) Va, b)
micro (cm

3/g) Vb)
meso + macro (cm

3/g) Vtot (cm
3/g)

GAC 456.9�1.9 208.5 248.4 0.0954 0.0316 0.127

100–160 mesh AC 476.2�2.6 220.7 255.4 0.0948 0.1112 0.206

SPAC 745.3�6.1 24.4 720.9 0.0048 0.2102 0.215

Notes: SBET = total specific area by BET method; Smicro = specific micropore surface area; Sext = specific external surface area; Vmicro = specific micropore volume;
Vmeso + macro = specific meso- and macro-pore volume; Vtot = specific total pore volume. a) calculated by t-plot method; b) micropores, mesopores and macropores are
those pores with diameter< 2 nm, 2–50 nm and>50 nm, respectively
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surfaces. Experiments were carried out to determine the
reaction sites, including 1) ozonation of oxalate without
catalyst, 2) AC catalytic ozonation of oxalate and 3) AC
catalytic ozonation of oxalate with t-butanol (Fig. 4). A
much faster oxalate removal by catalytic ozonation in 10
min could be observed for SPAC, compared with GAC,
both in the conditions with and without t-butanol. It is
assumed that radicals in the boundary layer and bulk
solution were inhibited by t-butanol. The oxalate removal
in the boundary layer can be calculated using 2)–3)–1) by
integration of the oxalate concentration to time [53]. It took
~8% for GAC and ~2% for SPAC of total oxalate removal.
Due to the weak affinity (Fig. S4) of t-butanol toward AC,
the oxalate removal with t-butanol indicated its removal on
particle surface. The contribution of surface reaction to

total oxalate degradation was 61% for GAC and 96% for
SPAC. These results demonstrate that the surface reaction
was much stronger for SPAC than GAC and contributed
significantly to oxalate degradation when SPAC was used.
Furthermore, the Rct value was calculated to consolidate

the ozone-to-radical enhancement in the SPAC catalytic
ozonation process. This was done using pCBA, which has
different affinity toward AC [24,54] when compared with
oxalate. The Rct of GAC at 200 mg/L was 1.6 � 10–10, a 4-
fold increase compared with that of ozone alone (4.0 �
10–11). The Rct of SPAC at the same dosage was 5.3� 10–8,
a 330-fold increase compared with that of GAC (Fig. 5).
This enhancement was not comparable with the only 64%
increase in surface area, as the high enhancement was
partly caused by the higher affinity of pCBA toward SPAC
when compared with GAC (Fig. S4). SPAC at 200 mg/L
efficiently decomposed ozone into radicals with the
similar level of the Rct value of H2O2/O3 (4.3 � 10–8)
[15] (Table S1).

3) Favorable surface chemistry and physics. Investiga-
tions of surface functional groups were conducted by XPS
analysis, Boehm titration and pHpzc (pH of point zero
charge). XPS analyses indicated that GAC, 100–160 mesh
AC and SPAC had similar surface element constitution
(Table S2). Boehm titration indicated that these three
carbons had a similar number of oxygen-containing
groups, although the number was slightly higher for
SPAC than for GAC and 100–160 mesh AC (Table S3).
After the reaction, the oxygen contents increased and
oxygen was mainly present in the form of C = O and O-C =
O (Table S2). The pHpzc of SPAC was 5.00�0.02, which
was also slightly higher than for GAC (4.02�0.01). This

Fig. 4 Oxalate removal by ozone alone (green area), ozone+
carbon+ t-butanol (yellow, orange area) and ozone+ carbon
(line) in the case of (a) GAC and (b) SPAC. Experimental
conditions: oxalate concentration (OA): 100 mg/L, t-butanol: 1
mM, O3 concentration: 180–200 mg/L, flow rate: 1.0 L/min,
carbon dose: 2 g/L. The pH was not buffered

Fig. 5 Rct plots for ozone alone, and ozone with GAC and SPAC
at various carbon doses. The slope of the fitting line represents the
Rct value. Detailed parameters are shown in Table S1. Experi-
mental conditions: pCBA concentration: 2 mM, t-butanol con-
centration: 320 mM. The pH was not buffered
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indicates higher basicity, which helps the decomposition of
ozone into radicals [55,56] (Fig. S5). As mentioned in a
previous study [31], rapid oxidation occurs at the external
sites of AC during the ball milling process. The change in
pHpzc is likely to be related to this phenomenon and thus
would potentially improve the catalytic reactivity of AC.
The BET surface area of SPAC was 745.3 m2/g, 63%

higher than that of GAC (456.9 m2/g) (Table 1). The
proportion of total SPAC surface area that was external
surface area was 96.7%, compared to 54.5% for GAC.
After ball milling, the meso- and macro- pore volume of
SPAC was 0.21 cm3/g, ~2 times that of 100–160 mesh AC
and 7 times that of GAC (Table 1).
The zeta potential changes for SPAC and 300–800 mesh

AC are graphed against pH in Fig. S6. SPAC and 300–800
mesh AC were negatively charged when pH>3.2. The zeta
potential of both increased to above zero when pH
decreased. SPAC suspension is unstable when the absolute
value of zeta potential falls below 5 mV, which
corresponds to a pH range of 3.12–3.39. Coincidently,
the initial pH of the oxalate solution applied in this study
was ~3.12. Therefore, a strong agglomeration [57] was
expected at the beginning of the catalytic ozonation of
oxalate.
To further investigate the agglomeration in SPAC

suspension, hydrodynamic diameters at different SPAC
doses were determined, as shown in Fig. S6. All the
average hydrodynamic diameters of SPAC were higher
than solid state at 2.0–5.0 g/L. They became larger as the
dose increased. A 2-fold and a 6-fold increase were
observed at 2.0 and 5.0 g/L, respectively, compared with
that in solid state. This phenomenon can be related to the
plateau observed in Fig. 1(b). When the concentration of
SPAC increases, its suspension has more tendency to
agglomerate. This is also favored by the pH condition
provided by oxalate solution. Therefore, this phenomenon
might explain why rate constants no longer increased when
the dosage was above 2.0 g/L.
In summary, besides the larger surface area and external

surface area provided by SPAC, the change in pore
structures, the potential oxidized external surface would
also result in less diffusion resistance, significant surface
reaction and overall higher catalytic reactivity compared
with GAC. Among these properties, larger external surface
area (190% increase in area) was the most important and
fundamental factor and was accompanied by larger meso-
and macropore structure (563% increase in volume). These
two factors led to less diffusion resistance (1560% increase
in k2) and more significant surface reaction (oxalate
removal by surface reaction increased from 61% to
96%). Therefore, the much higher reactivity of SPAC
(47-fold increase in oxalate degradation kinetics) was not
solely due to limited surface area change (63% increase)
but instead due to the combined effect of a series of AC
modification by ball milling.

3.4 Discussion of possible mechanisms

SPAC catalytic ozonation greatly improved oxalate
degradation compared with GAC. This improvement is
related to a series of favorable changes brought about by
ball milling, rather than to one sole factor.
In the case of heterogeneous catalytic ozonation,

homogeneous chain reaction and heterogeneous surface
reaction are believed to occur simultaneously [49]. AC can
act as the initiator of the chain reaction to accelerate the
decomposition of ozone into radicals in bulk solution [27].
It is also possible that surface reactions will occur [5,47].
In this study, given the pH condition and the determina-

tion of reaction sites, homogeneous reactions would be
minor in the SPAC catalyzed ozonation process. As
previously discussed, low pH and t-butanol inhibits
radicals in the bulk solution and boundary layer, but
oxalate removal by SPAC catalyzed ozonation was not
influenced by t-butanol. Thus it can be deduced that
surface reaction was significant. The surface reaction may
have occurred according to the Langmuir-Hinshelwood
mechanism, as has been reported in a previous study [5].
The following reactions may describe the pathway of the
SPAC catalyzed ozonation process [5]:
Reaction with ozone to form oxygen-containing radi-

cals:

ACþ O3↕ ↓AC –O$ (10)

Adsorption of organics (R):

ACþ R↕ ↓AC –R (11)

Reaction between adsorbed species:

AC –O$þ AC –R↕ ↓Products (12)

There is also a possibility that the surface reaction
mechanism followed the Eley-Rideal mechanism. This
mechanism is similar to the above reactions (Eqs. (10)–
(11)), but organics (R) would be directly oxidized by AC-
O$ as Eq. (13):

AC –O$þ R↕ ↓Products (13)

Regardless of the mechanism that best describes the
process, the surface reaction was certainly dominant,
especially in the case of SPAC. The larger external surface
area of SPAC provided more sites for adsorption of
oxalate. Additionally, not only does the number of reaction
sites increase, the kinetic accessibility of these sites is also
enhanced. SPAC provided larger external surface area with
more meso- and macropores, resulting in a less diffusion
resistance than GAC. SPAC had much greater external
surface area due to a greater number of meso- and
macropores. This reduced diffusion resistance and resulted
in a much faster degradation of oxalate. The determination
of the radical exposure (Rct) value supports this conclusion.
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SPAC was not only more effective when applied to
oxalate, it also effectively degraded pCBA, which has a
different affinity toward AC (Fig. S4). Yet due to a
different suspension character, super-fine powders attract
each other and agglomerate when pH is near pHIEP (pH
value at isoelectric point; i.e., the pH value when zeta
potential was zero). The agglomeration jeopardizes the
efficacy of catalytic ozonation by causing a higher
hydrodynamic diameter and blockage of active surface
sites. This phenomenon was observed at high doses of
SPAC. And further investigation on whether the surface
reactions exaggerated by SPAC followed Langmuir-
Hinshelwood or Eley-Rideal mechanism [48] will be
studied in the future. Besides, ceramic membrane is
considered to be capable to separate SPAC from water
and recycle and can be investigated.

4 Conclusions

SPAC performed significantly better than GAC during
catalytic ozonation of oxalate and the catalytic efficacy was
influenced by carbon dosage and diameter. Rate constant
was found to be closely related with the geometric surface
area of the carbon particle. There are multiple changes in
the material characteristics of SPAC benefiting the efficacy
of catalysis. Besides more reaction sites, large external
surface reduced the diffusion resistance, leading to a faster
adsorption. Meanwhile, SPAC has more oxidized surface
and basicity, which can further enhance the catalysis
performance. It was found that, in the case of SPAC, the
surface of the carbon particle is responsible for the catalytic
ozonation, where almost all oxalate was degraded. SPAC
had much higher transformation rate from ozone to
hydroxyl radicals (investigated as Rct value). Simple ball
milling can bring a series of material modification of
activated carbon. These results provide a proof-of-concept
for SPAC as a better-performing and cost-effective catalyst
of ozonation, and highlight that external surface area is a
critical factor when AC is used in catalytic ozonation
processes.
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