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ion of phenylamine in water with
a manganese ore

Yingming Fengab and Xiaobing Li *a

Recalcitrant pollutants, which form surface complexes with surfacemetal sites of the catalyst, are difficult to

remove by catalytic ozonation in water. Phenylamine (PA), one of the refractory pollutants, was degraded by

ozone catalysis with manganese ore in this paper. And the effectiveness and the mechanism of catalytic

ozonation with manganese ore for the degradation of PA in water were studied. After the BET test, the

specific surface area of the raw and calcined manganese ore was 27.65 m2 g�1 and 33.49 m2 g�1,

respectively. The effects of solution pH, catalyst dose and reaction time on the degradation of PA were

evaluated. Results showed that the catalytic potential of calcined manganese ore was better than that of

raw manganese ore and ozonation alone in the degradation of PA. It revealed that the increase of

hydroxyl radicals generated on the surface of the catalyst or in the solution improved PA degradation.

Oxidation of free radicals was the main mechanism of PA degradation in the catalytic ozonation process,

occurring with a pseudo-first-order reaction rate at a constant of 0.0993 min�1 (CMP) under the pH of

7.20 and catalyst dose of 3 g L�1. Also, an activation energy of 20.4 kJ mol�1 for PA oxidation over CMP

in the presence of O3 was estimated.
1. Introduction

In recent years, many organic pollutants with toxicity, carcino-
genicity, mutagenicity and endocrine disrupting effects, have
caused the severe contamination of water, and must be effec-
tively removed from water.1 However, recalcitrant organic
pollutants are relatively difficult to be removed from water with
traditional water treatment processes. Some of these pollutants
are even difficult to be efficiently degraded by oxidants like O3.2

O3, a strong oxidizing substance, has a low water solubility, so it
reacts slowly with organic compounds in water.3 Advanced
oxidation processes such as O3/H2O2, O3/UV, and O3/UV/
H2O2,4,5 have been developed to improve the degradation of
these pollutants with enhanced hydroxyl radical generation.
Catalytic ozonation process (COP) with heterogeneous catalysts
is studied to improve the degradation of the recalcitrant
pollutants.6 In a heterogeneous COP, the mechanism of cata-
lytic ozonation is as follows, (1) the O3 interacts with the reactive
functional groups on the catalyst's surface and generates reac-
tive radicals with much higher oxidation potential than O3

alone through a chain of reactions; (2) the catalyst provides
a surface for the reaction of O3 with the pollutants; (3) the
catalyst can adsorb the pollutants, which nally reacts with
dissolved O3. The main signicant concern in COP that still
oal Preparation and Purication, China
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requires further investigation is the selection of a catalyst with
both high potential for catalytic activity and low cost.7

The catalysts are usually MnO2,8,9 TiO2,10,11 Al2O3,12–14 noble
metals,15 and mixed metal oxides,16–21 Ce/AC,22 cobalt oxides,23

ZnO,24,25 SnO2,26 Rh/CeO2,27 NiO.28 Although some of these
synthesized materials have shown considerable catalytic activity
in ozonation process, their production will bring new environ-
mental problems and may be cost-intensive. These defects limit
the application of synthetic catalysts in full-scale systems. To
overcome these challenges faced by COPs, a feasible option is to
use natural-based materials as the ozonation catalyst.

MnO2 is the most widely studied metal oxide as a catalyst of
the ozonation process. It is reported to be the most efficient in
O3 decomposition in gaseous medium.29 It has been reported
that MnOx have the highest catalytic ozonation activity to
benzene series compared with the oxides of Fe, Co, Ni, Cu and
Ag.30 Also, SiO2-supported manganese oxides have been shown
to be obtained a large ratio of ozone decomposition rate to
benzene oxidation rate, rather than Al2O3-, TiO2-, and ZrO2-
supported catalysts.31 Manganese ore is a natural MnOx-
containing mineral ore abundantly available in nature that
contains Si, Al, Mg and other elements. This study investigated
the capabilities of raw manganese-ore powder (RMP) and
calcined manganese-ore powder (CMP) as MnOx-containing
catalysts for the ozonation of toxic recalcitrant organic pollut-
ants using phenylamine (PA).

The inuence of solution pH, catalyst dose and the reaction
time on the degradation of the selected toxic contaminant
(phenylamine) was studied. A set of experiments were studied to
This journal is © The Royal Society of Chemistry 2020
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Table 1 Chemical analysis of fresh RMP, spent RMP (first time),fresh
CMP and spent CMP (fifth time)

Compound
Fresh RMP
(%) Used RMP (%)

Fresh CMP
(%) Used CMP (%)

MnO 17.750 20.477 14.929 14.753
Fe2O3 10.136 11.579 8.892 8.798
Al2O3 3.961 3.224 4.955 4.688
SiO2 48.807 32.533 65.342 60.851
MgO 0.082 0.071 0.099 0.092
NiO 0.099 0.114 0.090 0.095
BaO 0.433 0.625 0.316 0.328
CaO 0.125 0.093 0.134 0.138
Na2O 0.345 0.570 0.269 0.307
K2O 0.255 0.277 0.338 0.306
P2O5 0.178 0.167 0.203 0.171
Rests 0.429 0.470 0.433 0.371
LOIa 17.400 29.800 4.000 9.100

a Loss of ignition.

Table 2 Microscopic properties of RMP and CMP

Material
Specic surface
area (m2 g�1)

Total pore volume
(cm3 g�1)

Pore size
(nm)

RMP 27.65 0.043 6.26
CMP 33.49 0.072 8.59
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investigate the degradation mechanism of PA in the COP
reactor with the selected catalyst.

2. Materials and methods
2.1. Catalyst preparation

The manganese ore was collected from a local mine. The ore
was rst washed with distilled water (Vwater/Vcatalyst ¼ 20) for
30 min to remove the extra debris, air-dried at room tempera-
ture for 2 days, and then powdered to 100 mesh using a grinder.
This powder was then calcined in air in an oven at 750 �C for 4 h.
The calcined materials were powdered to 100 mesh again. The
prepared raw and calcined materials were nally used as cata-
lysts in the ozonation experiments.

2.2. Catalyst characterization

The raw and calcined powders were characterized by composi-
tion, textural properties and surface characteristics. The
composition of the powders was determined by X-ray uores-
cence (XRF) using an AxiosmAX instrument. The surface
morphology of the prepared catalysts was examined using
scanning electron microscopy (SEM) on a FEI-Quanta 200 F
microscope. The functional groups on the surface of the parti-
cles were determined using Fourier transform infrared spec-
troscopy (FTIR) at wave numbers ranging from 4000 to
400 cm�1. The pH of point of zero charge (pHpzc) for the
materials was determined according to the pH-dri procedure
reported by Altenor et al.32 The specic surface area and the pore
size of the powder particles were determined by the BET tech-
nique using the N2 adsorption/desorption method with
a Quantachrome/QUADRASORB SI surface area analyzer,
samples were rstly degassing under the condition of 350 �C
and 2.1 Pa for 5 h.

2.3. Single and catalytic ozonation experiments procedure
and analysis

The ozonation experiments were carried out in glass gas
washing bottles (inside diameter: 4.5 cm, height: 15 cm). Ozone
was generated from dried oxygen with a laboratory ozone
generator (RQ-1G, Ji Nan-Rui Qing). The dose of ozone was kept
constant at 1.76 � 0.1 mg O3 per min throughout all the
ozonation experiments. The concentration of PA solution was
also kept constant at 200 mg L�1. The initial pH of the PA
solution was measured to be 7.20 without acidic/basic
adjustment.

For the COP experiments, 100 mL of PA solution with a given
concentration was transferred into the reactor. The pre-
determined amount of catalyst (either raw or calcined powder)
was added into the solution. The pH was regulated with 1 N
NaOH or HCl to the desired level. And ozonation was initiated.
The contents of the reactor were ozonated for a given time and
then the suspension was centrifuged at 10 000 � g for 5 min;
the supernatant was nally analyzed for residual phenylamine
by determining the absorbance at 195 nm using a UV-2550 UV-
Vis spectrophotometer. To quench the reaction and drive away
the residual ozone in the phenylamine solution, dried oxygen (3
This journal is © The Royal Society of Chemistry 2020
L min�1) was added to the solution for 1 min at the end of the
reaction. The same procedure was used for all the COP experi-
ments except that no catalyst was added to the reactor.

The phenylamine degradation was evaluated from the
difference in sample absorbance before and aer the reaction
divided by the initial absorbance. The chemical oxygen
demanding (COD) concentration in the samples before and
aer the reaction were determined and could be calculated by
the percentage of the COD reduction relative to the initial value.
All the tests were conducted at room temperature (25 � 3 �C)
except the inuence of thermal-treatment for COP with CMP.
The pH was measured using a specic electrode (Shanghai
Zhiguang pH meter model pHs-3CT). The concentration of
ozone in the inlet-gas and off-gas streams were determined by
indigo method.33 The rate of ozone decomposition in the
ozonation reactor in the absence and presence of the catalyst (as
needed) was determined from mass balance analysis between
the inlet ozone and off-gas ozone. The fraction of ozone
decomposed was calculated from the ratio of the dose of
decomposed ozone to inlet ozone.
3. Results and discussion
3.1. Characteristics of the catalyst

The chemical composition, surface morphology, pore volume,
size and specic surface area, and surface chemistry of the
RMP, used (for the h-time) RMP, fresh CMP, and used (for
the h-time) CMPmaterials were determined using XRF, SEM,
RSC Adv., 2020, 10, 36192–36200 | 36193
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Fig. 1 SEM micrographs of fresh RMP (a), used RMP (b), fresh CMP (c)
and used CMP (d).

Fig. 2 pH of point of zero charge (pHpzc) of RMP and CMP.
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BET, and FTIR techniques. The results are presented and dis-
cussed as below.

Table 1 gives the chemical analysis of the fresh RMP, used
RMP, fresh CMP, and used CMP by the XRF method. It shows
that MnO, Fe2O3, SiO2, and Al2O3 compounds are the main
components of the selected samples, nearly 80–95%. The
proportion of other compounds such as BaO, MgO, Na2O, K2O,
CaO and NiO is low (about 2%). The amount of SiO2 is greater in
CMP than in RMP, implying that the CMP is more stable than
the RMP. Table 1 indicates that the composition of the used
CMP is not much different from the fresh one, while the
amount of SiO2 in the RMP decreased obviously, suggesting that
the CMP is more suitable to be catalyst than the RMP. Most of
these metal oxides including in the manganese ore have been
shown to have signicant catalytic potential in the ozonation of
various organics.30 To sum up, the selected manganese ore,
Table 3 Kinetic parameters of the pseudo-first-order (PFO) reaction
rate model for the catalytic oxidation of PA with CMP

COP with the CMP

Temperature (K) 298.15 308.15 318.15
SOP: k (min�1) 0.0454 0.0633 0.0865
COP: k (min�1) 0.0993 0.1297 0.1667

Arrhenius equation

SOP Ea ¼ 25.4 kJ mol�1

COP Ea ¼ 20.4 kJ mol�1

36194 | RSC Adv., 2020, 10, 36192–36200
which is abundant on Earth may be a promising catalyst for
ozonation processes (Table 2).

Fig. 1 shows SEM micrographs of fresh RMP (a), used RMP
(b), fresh CMP (c) and used CMP (d) at the same magnication.
The comparison between Fig. 1a and c reveals that high
temperature (750 �C) changed the surface morphology of the
catalyst, the surface of the CMP appears rougher than the RMP,
which may be because the calcination destructed some
compounds and generated many pores on the surface of the
materials. However, the morphologies of fresh CMP and used
CMP do not seem to have changed much, suggesting that CMP
is a stable material that can be used as a catalyst in ozonation
processes. While the morphologies of fresh RMP and used RMP
shows obvious different, resulting from the strength of the fresh
RMP is low and some components run off during the catalytic
ozonation process, these changes are even more evident in the
XRF plots (Table 3).

The pH of point of zero charge (pHpzc) of the RMP and CMP
were tested as shown in Fig. 2. The pHpzc for the RMP and CMP
were determined to be 7.45 and 9.06, respectively. The surface of
Fig. 3 FTIR spectra of fresh CMP (black) and used five times CMP (red).

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05464j


Fig. 4 (a) Degradation of PA in ozonation and catalytic ozonation; (b) mineralization of PA mineralization in ozonation and catalytic ozonation;
(c) ozone consumption rate in ozonation and catalytic ozonation; (d) change of PA solution pH at different reaction process; (e) effect of CMP
dose on catalytic ozonation of PA; (f) effect of temperature of PA solution on COD removal rate; (g) influence of solution pH on PA degradation in
the SOP, the COP with RMP catalyst, and the COP with CMP catalyst; (h) change of PA solution pH after reaction in the SOP, the COP with RMP,
and the COP with CMP.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 36192–36200 | 36195
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catalysts is positively charged at solution pHs below pHpzc,
oppositely, negatively charged at solution pHs above pHpzc.38

The higher pHpzc of the CMP is likely because calcination con-
verted some components in the raw material into metal oxides40

(shown in Table 1), resulting in an alkaline character to the
surface of the material. The pHpzc values suggest that CMP
would likely have higher catalytic potential than RMP.

Fig. 3 shows the FTIR spectra of the prepared catalysts,
indicating several intense peaks and revealing the presence of
a number of important functional groups on the surface of the
catalysts. As shown in Fig. 3, the FTIR spectra of fresh CMP and
used CMP almost overlap, revealing that CMP is a stable
material which can be frequently reused in the COP. A broad
absorption peak at wavenumbers between 3700 and 3200 cm�1

is assigned to H–O–H vibration. An intense peak with the
maximum adsorption at 1150 cm�1 wavenumber is attributed
to C–H stretching in functional groups. The sharp peak at
1450 cm�1 is assigned to the symmetric C–O stretching. The
FTIR bands in the range of 350–800 cm�1 in Fig. 3 are assigned
to the vibration modes of Fe–O, Si–O and Mn–O bonds repre-
sented Fe2O3, SiO2 and MnO.

The specic surface area of the selected catalysts (RMP and
CMP) was determined from the N2 adsorption/desorption BET
isotherm with values of 27.65 m2 g�1 and 33.49 m2 g�1,
respectively. The total pore volume of the RMP and CMP were
found to be 0.043 cm3 g�1 and 0.072 cm3 g�1, respectively. The
average pore size of RMP and CMP were 6.26 nm and 8.59 nm,
respectively. These results indicate that a 21.12% increase in the
specic surface area of the material upon calcination, suggest-
ing greater catalytic potential for the CMP.30 The increase of the
BET surface area as well as pore volume and size of the powder
upon calcination can be related to some substances in the
natural ore are burned off or broken down at high
temperatures.
Fig. 5 PA degradation efficiency in the COP with the CMP in the
presence of selected radical inhibitors and scavengers. (Reaction
conditions: radical scavenger: 1 g L�1; pH: 9; PA: 200 mg L�1; catalyst:
0.3 g CMP; reaction time: 10 min).
3.2. Effectiveness in improving PA degradation

Fig. 4a shows the degradation of PA in single ozonation process
(SOP), COP with CMP, COP with RMP, adsorption by CMP and
adsorption by RMP. As observed in Fig. 4, the maximum
removal of PA by adsorption onto the RMP was 2.7% obtained at
pH ¼ 7.20, and the maximum removal of PA by adsorption onto
the CMP was 5.6% obtained at the same pH. This result implies
that no matter CMP or RMP had no signicant effect on the
attained PA removal by adsorption, but the CMP gets the
stronger potential to adsorption PA than the RMP. It is clear that
the degradation of PA by SOP began to slow down aer 4 min.
Instantaneous ozone decomposition occurs at the initial phase
of ozonation which generates a signicant amount of hydroxyl
radicals.34,35 The PA degradation at the initial phase of ozona-
tion can be attributed to the generation of hydroxyl radicals. Of
course, a part of PA will be oxidized in the bulk solution with
dissolved molecular ozone, and this will be proved in the
following test. Catalytic ozonation with CMP degrade 77.5% of
PA within 10 min, the PA degradation efficiency trend is
consistent with those in the COP with RMP and in the SOP, even
if the latter two processes have a low degradation rate. For
36196 | RSC Adv., 2020, 10, 36192–36200
instance, the PA degradations at pH 7.20 under the selected
conditions are 43.5%, 68.4% and 77.5% in the SOP, the COP
with RMP and the COP with CMP, respectively.

3.3. Effectiveness in improving COD removal

Aer investigating the degradation effectiveness of PA, a set of
experiments was conducted to determine COD reduction at pH
of 7.20 and catalyst concentration of 3 g L�1 over a reaction
period of 10 min. The results in Fig. 5 show that a much higher
COD removal was attained in the COP compared with in the
SOP under similar experimental conditions. According to
Fig. 4b, the maximum COD removal by adsorption onto the
RMP was 6.21% obtained at pH ¼ 7.20, and the maximum COD
removal by adsorption onto the CMP was 9.20% obtained at the
same pH. This result implies that no matter CMP or RMP had
no signicant effect on the attained COD removal by adsorp-
tion. Catalytic ozonation with CMP attained 67.7% COD
removal within 10 min, although at a, respectively, lower rate,
the same COD removal efficiency trends were observed in the
COP with RMP and in the SOP. For instance, the COD removal
at pH 7.20 under the selected conditions was 46.9%, 61% and
67.7% in the SOP, the COP with RMP, and the COP with CMP,
respectively. In addition, the ozone consumption rate and the
change of PA solution pH aer reaction in the SOP, the COP
with RMP, and the COP with CMP are evaluated.

3.4. The ozone consumption rate at different reaction
processes

Fig. 4c shows the ozone consumption rate in SOP, COP with
CMP, COP with RMP. As observed in Fig. 6, CMP and RMP in
COPs have the same varying tendency of ozone consumption
rate, but the former attain a higher potential to deplete ozone.
The maximum ozone consumption rate in the COP with CMP is
76.7% at 6 min, while the maximum ozone consumption rate in
the COP with RMP is only 65.3%. According to Fig. 6, the ozone
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Pseudo-first-order plots of the PA (200 mg L�1) degradation
reaction. (1) At 25 �C; (2) at 35 �C, pH ¼ 7.20, catalyst: 0.3 g.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 1
0:

09
:1

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
consumption rate in the SOP is quite different from the COP.
For instance, the ozone consumption rate decrease sharply aer
4 min, the reason is that, PA degradation can mainly be
attributed to the generation of hydroxyl radicals at the initial
time of the reaction, while at the following 6 min, PA is
degraded by dissolved molecular ozone.34,35 However, ozone has
low water solubility and low stability, so it reacts slowly with
some organic compounds.36 This may be the reason why the
SOP have a lower ozone consumption rate than the COP.
Fig. 8 Stability experiment of CMP catalyst in sequential reaction for
the ozonation process of PA.
3.5. Change of PA solution pH at different reaction
processes

Fig. 4d shows the change of PA solution pH in SOP, COP with
CMP, COP with RMP, adsorption by CMP and adsorption by
RMP at different time. As observed in Fig. 7, no matter CMP or
RMP both have no signicant effect on the change of PA solu-
tion pH by adsorption. In the SOP experiment, the nal pH of
the solution is markedly reduced by the reaction at all tested
Fig. 7 Proposed degradation pathways of PA in single and catalytic ozo

This journal is © The Royal Society of Chemistry 2020
time. This result suggests that PA is degraded into acidic
intermediates, thereby reducing the solution pH. Accordingly,
not enough hydroxyl ions have been available to initiate/
continue the chain reaction formation of hydroxyl radicals.37

When the catalyst is added to the reaction, it provides a surface
for ozone to react with the metal oxide, thereby generating more
reactive radicals than molecular ozone and accelerating the
degradation rate. So, the COP can generate more acidic inter-
mediates than the SOP at the initial 6 min with a lower pH
shown in Fig. 4d. Aer 6 min, the pH of COP begin to increase
slower, because of the acidic intermediates were further
degraded by $OH, which is very difficult to be degraded in the
SOP.

3.6. Effect of CMP dose on COD removal rate

Because the CMP has strong potential in the COP of PA, this and
the next experimental runs are conducted in the COP with CMP
catalyst at pH 7.20. Fig. 4e shows the effect of the dose CMP on
catalytic ozonation of PA with 1.76 � 0.1 mg min�1 ozone ow
rate. Fig. 8 shows that COD removal rate increases with the
increase of CMP dose, and a maximum of 75.8% COD removal is
obtained at 10 min oxidation time when the dose of catalyst
reaches 6 g L�1, this result can be attributed to the fact that the
more catalyst are added, the more active sites are available for
interaction with ozone, more $OH radicals generate by the chain
nation.
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reaction. However, the COD removal rate increased slower with
the increase of CMP when it is over 3 g L�1, resulting from the
reaction between $OHs will happen with the increase of $OHs. So
considering the cost, the optimum dose of CMP is 3 g L�1.

3.7. Effect of temperature of PA solution on COD removal
rate

As observed in Fig. 4f, COD removal rate increases with the
increase of temperature of PA solution, and a maximum of 80.7%
COD removal is obtained at 10 min oxidation, when the temper-
ature increased to 45 �C. Following the increasing of temperature,
get more the kinetic energy of ozone molecules in the solution
increases, its movement frequency increases, so the frequency of
contacting with the active sites on catalyst surface increased,
improving the generation of more $OH radicals, leading to COD
removal rate increases. However, at the same time, we also nd
that with the increase of temperature, especially above 35 �C, the
COD removal rate will slow down, because the solubility of ozone
in water is inversely proportional to the temperature.

3.8. Mechanism of PA degradation at various solution pHs

To nd the optimum operating pH, the inuences of solution pH
ranging from 1.82 to 11.35 on the degradation of PA are evaluated
in the COP with raw and calcined manganese ore (0.3 g) as the
catalyst at a reaction time of 10 min. For blank control, the
degradation of PA in the SOP is also investigated under similar
conditions. The percentage of PA removal is presented in Fig. 4g,
revealing higher PA degradation rates in the COP with CMP than
in the other two systems, but the COP with raw and calcined
manganese ores have the same change tendency almostly. Under
the acid solution, the PA degradation both rst increase with the
increase of pH, then reduce with a further increase of the pH;
while under the alkaline solution, the maximum removal of PA is
attained when the pH of solution was close to the pHpzc of CMP or
RMP. That is the fact that ozonation can proceed via two routes:
(1) direct molecular ozone reactions at acid pH mainly and (2)
indirect pathway leading to ozone decomposition and the gener-
ation of hydroxyl radicals (OHc) at alkaline mainly. The inuence
of pH was mainly due to the fact that OH� could induce O3

decomposition to produce $OH. In addition, pH also determined
the charge type of water solution or catalyst surface. When the pH
of the solution was higher than the pHpzc of the catalyst, the
catalyst surface would undergo deprotonation reaction; on the
contrary, when the pH of the solution was lower than the pHpzc of
the catalyst, the catalyst surface would undergo protonation
reaction. In the lower pH range, the reaction was dominated by
O3.38–42 According to Fig. 4g, the COP with CMP attained 69.3%
degradation at an initial solution pH of 1.84. Increasing the pH to
2.07, the PA degradation efficiency reached to 75.8%, then the
degradation rate reduced to 65.2% when increasing the pH to
5.42. Whereas a further increase of the pH to 9.38, which is close
to its pHpzc, resulted in a corresponding increase of PA degrada-
tion to 82.4%. Although at a, respectively, lower rate, the same PA
degradation efficiency trends were observed in the COP with RMP
and in the SOP. For instance, the PA degradation at pH 11 under
the selected conditions was 46.1%, 65.9% and 80.7% in the SOP,
36198 | RSC Adv., 2020, 10, 36192–36200
the COP with RMP, and the COP with CMP, respectively. The
above ndings indicate a high degree of catalytic activity for the
CMP. The achievement of higher recalcitrant pollutants removal
in the COP than the SOP has been reported in many books with
other materials such as Fe(III)-AC,43 Ru-AC,44 Ni-AC45 and TiO2.46

The higher PA removal at pH 2 than that at pH 5 is related to the
direct oxidation of ozone with PA, which is best performed at
a more acidic pH, because at pH 2, ozone owes a higher redox
potential than that at pH 5. The difference in the percentage of
degradation among the selected processes can be explained by
considering the inuence of pH on water chemistry and on the
catalyst's surface properties (i.e., pHpzc).

The initial and nal pHs of the PA solution (the solution pHs
at the beginning and end of the reaction), are shown in Fig. 4h.
The greater efficacy of COP with calcined ore than with raw ore
as the catalyst can be partly attributed to composition of the
material used as the catalyst. MnO2 is the predominant iron
oxide in the calcined catalyst, and the catalytic potential of
MnO2 is greater than MnO. Moreover, because of the higher
potential to mineralize PA which can make the acidic interme-
diates degrade deeply and the basic character of this catalyst's
surface, the pH of the solution in the COP did not drop so
markedly as the SOP during the reaction and remained almost
at the initial value. Therefore, with this higher solution pH,
more hydroxide ions are available on the surface of the cata-
lyst.47 As the hydroxide ions act as an initiator for the ozone
decomposition, a greater amount of $OH generate when more
hydroxide ions are present, which in turn promoted PA degra-
dation. The ozone consumed in the COP was likely decomposed
into more reactive species at Lewis sites of the metal oxides,48

particularly MnO, MnO2, Al2O3, Fe2O3, BaO, SiO2, MgO, Na2O,
K2O and CaO (Table 1). This subsequently results in the
generation of radical species, in particular $OH,49,50 which are
considerably more reactive than molecular ozone. To conrm
the above conclusion, the mass ratio of PA degraded to the total
ozone consumed (as mg PA per mg O3) was calculated, the
initial PA concentration (100 mg PA per L), removal percentage
(43.5% in SOP and 77.5% in COP with the CMP) together with
the total ozone dose, were also be considered. This method is
different from which Gholamreza Moussavi et al.7 put forward.
The results show that the mass ratio of PA degraded to the total
ozone dose (as mg PA per mg O3) was 4.9 and 8.8 in the SOP and
COP with the CMP, respectively. This result further conrms
that the ozone consumed in the COP was decomposed on the
surface of the catalyst into more reactive species. Our ndings
are in accordance with the related literature. For instance,
Ikhlaq, et al.51 reported that adding alumina and zeolites in
water as a catalyst increased ozone consumption efficiency.
3.9. Inuence of hydroxyl radical scavenger

Since PA adsorption on the manganese ore was very weak and
the direct ozone oxidation of PA is quite slow, the enhanced PA
degradation by the catalytic ozonation is possibly ascribed to
accelerated the generation of hydroxyl radicals from ozone. To
determine the mechanism by which the PA was degraded in the
developed COP, several PA degradation tests were run in the
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05464j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 1
0:

09
:1

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
COP in the presence of 1 g L�1 of various radical inhibitors and
scavengers including phosphate, carbonate, bicarbonate and
tert-butanol. The experiments were conducted with 200 mg PA
per L at an optimum initial pH 9, 0.3 g CMP, and a reaction time
of 10 min. The PA degradation efficiency of the COP in the
presence of the selected radical inhibitors and scavengers is
presented in Fig. 5. As observed in Fig. 5, the effect with which
the degradation of PA in COP in the absence of radical scav-
engers was 82.4% under the selected conditions. When bicar-
bonate, tert-butanol, carbonate or phosphate was added to the
PA solution, the degradation of PA dropped drastically to 35.4%,
28.7%, 56.2% or 37.6%, respectively. The reduced degradation
rates in the presence of phosphate, carbonate or bicarbonate
can be explained by the fact that these ions have a high affinity
for the Lewis sites on the surface of the catalyst48,52 and thus
impair and deactivate the catalyst's active sites thereby inhib-
iting the catalytic decomposition of ozone on catalyst surface. In
addition, bicarbonate may also scavenge the hydroxyl radicals
from the surface of the catalyst produced by the COP process.
The tert-butanol (TBA) is different from these three ions. The
tert-butanol is characterized by its reaction with hydroxyl radi-
cals53 mainly in bulk, generating inert intermediates and
consequently quenching ozone decomposition in water.
Therefore, the signicant potential of CMP to catalyze the
ozonation of the PA and recalcitrant compounds is conrmed,
that oxidation via radical species (in particular $OH) on the
surface of the catalyst and in bulk solution was the main
mechanism of PA degradation in the developed COP. Addi-
tionally, a minor level of PA likely took place through oxidation
in the bulk solution by molecular ozone. Another point illus-
trated by Fig. 5 is that the degradation rate of PA can be reduced
to below 20% by adding any other radical scavengers to the
reactor. This conclusion is not consistent with the view by
Gholamreza Moussavi et al.7 it can be related to the deference in
the composition of the catalyst materials.
3.10. Kinetics of PA degradation in the COP with CMP

Considering the reaction of ozonation with CMP, PA conversion
activity is higher than that with RMP. We only conducted the
kinetic study over CMP catalyzes ozonation. As shown in the
Fig. 6, the data for PA removal at various reaction times at each
temperature in different reaction processes (SOP and COP) was
tted with the pseudo-rst-order (PFO) reaction rate model.
This study also investigates the activation energies of PA
oxidation in the SOP or in the COP with CMP. The relationship
between the reaction rate constant and temperature is
expressed by the Arrhenius equation54,55

k ¼ A exp

��Ea

RT

�
(1)

The rate of PA oxidation achieved with CMP and ozone is
described by �

dCt � Ct

dT

�
¼ �KC0 � Ct (2)
This journal is © The Royal Society of Chemistry 2020
In order to understand the oxidation pathways during PA
ozonation, the intermediates and by-products of PA were test by
GC-MS. The parameters of gas chromatography-mass spec-
trometry were set as follows: inlet temperature 280 �C, EI ion
source temperature 230 �C, and quadrupole rod temperature
150 �C. Carrier gas of high purity helium (purity > 99.999%),
without fractional injection of 1.0 L. The heating procedure was
as follows: the initial temperature was 80 �C, maintained for
2 min, the speed of 10 �C min�1 rose to 320 �C, and maintained
for 6 min. Full scanning mode was adopted for mass spec-
trometry detection, with the detection range of 50–550 (m/z). By
analysis of the degradation products of the intermediates and
by-products of PA oxidation, it can be concluded the following
degradation pathways.
3.11. Stability experiment of CMP catalyst in sequential
reaction

To explore the stability of CMP catalyst, the test was performed in
the 200 mg L�1 PA solution under the sequential reaction
conditions (3 g L�1 catalyst, 10min oxidation retention time, 1.76
� 0.1 mg min�1 ozone ow rate). The test lasted 100 min. The
results are shown in Fig. 8. It revealed that the COD removal rate
was maintained at a near constant level aer 80 min of contin-
uous reaction, which suggests that the catalytic capacity of CMP
catalyst did not decreasing rapidly with time under such condi-
tions. As shown in Fig. 8, the morphology of the new CMP and
the spent one did not differ signicantly aer 100min sequential
reaction in the catalytic ozonation of PA, demonstrated that the
CMP catalyst is effective and stable in the ozonation of PA.
4. Conclusion

The catalytic ozonation of recalcitrant PA wastewater by RMP
and CMP was evaluated. The CMP had greater catalytic poten-
tial under alkaline conditions. The phenylamine was degraded
by pseudo-rst-order heterogeneous reactions with $OH on the
surface of the catalyst and in the solution. The COP with
manganese ore catalyst in this study achieved a high effective-
ness of PA degradation. Accordingly, the overall conclusion
from this work is that the CMP is a very active catalyst, better
than the RMP, resulting from its metal oxide composition,
larger specic surface area (33.49 m2 g�1) and higher pHpzc. It is
a promising catalyst for the ozonation of recalcitrant environ-
mental contaminants.
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