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ABSTRACT

An integrated heterogeneous catalytic ozonation and membrane separation system was
studied for continuous degradation of refractory organic pollutants in water. MgO nano-
sheets with dominant (111) facets showed large amounts of medium and strong basic sites
due to the particular structure of alternating monolayers of exclusively oxygen and exclu-
sively magnesium atoms. MgO(111) acted as the ozonation catalyst for the first time, it was
found that efficient degradation of nitrobenzene was achieved with 25.0 mmol/L of MgO
(111) catalysts in a wide pH range of 4.0-12.0. In view of practical application, engineering
problems to recover fine size catalysts from the treated water were resolved by applying
membrane separation technology in the system. Experimental results showed that the mem-
brane could successfully intercept MgO(111) particles in the reactor by the synergistic coop-
erative sieving of the bare and dynamic membranes. The long-term continuous experiments
demonstrated that the removal rate of nitrobenzene could maintain over 90% with a con-
stant flux of 3.92L m ?min~" during the 24 h operation. The continuous system provides a
new method for practical application of heterogeneous catalytic ozonation to remove refrac-
tory organic pollutants.
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1. Introduction

Heterogeneous catalytic ozonation, as one of the
most promising advanced oxidation processes, has
attracted much attention due to its high effectiveness
in the degradation and mineralization of refractory
organic pollutants and its low negative effect on water
quality. It overcomes the limitations of ozone (O3)
alone process, such as low reaction rate with many

*Corresponding authors.

organic compounds, incomplete mineralization, and
formation of byproducts [1,2].

Metal oxides (e.g. MnO, and TiO,) [3,4], supported
metal oxides (e.g. MnO,/ZrO, and FeOOH/AlO3)
[5,6], and some porous materials (e.g. active carbon
and zeolite) [7,8] have been proposed as catalysts for
ozonation. These solid catalysts are usually employed
in the form of micro- and even nanosize particles in
suspension slurries to achieve greater activity since
suspend catalysts offer larger active surface area and
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allow much better contact between the catalysts and
pollutants than the immobilized catalysts [6]. Up to
now, it has still been a challenge to develop an effi-
cient and stable heterogeneous catalyst for ozonation
process. Recently, we prepared MgO nanosheets with
dominant (111) facets by facile wet chemical process,
which is composed of alternating monolayers of exclu-
sively oxygen and exclusively magnesium atoms [9].
The MgO(111) nanosheets were used as an ozonation
catalyst and exhibited high catalytic activity. More-
over, MgO is a simple and nontoxic metal oxide,
which is suitable for applications in water treatment.
However, the major concern for the practical appli-
cation of MgO(111) nanosheets is the separation from
the treated water as many other micro- and nanosized
catalysts encountered the difficult and time-wasting
recovery problem. To resolve the recovery problem,
membrane technology appears to be more practical and
promising in the heterogeneous catalytic ozonation like
in the membrane bioreactors [10,11]. The unit is
referred to as a heterogeneous catalytic ozonation and
membrane (HCOM) separation reactor in this paper.
The membrane acted as a simple barrier for MgO(111)
particles and could retain them in the HCOM reactor
for immediately continuous reuse. It may obtain some
advantages compared to the conventional reactor such
as continuous operation of heterogeneous catalytic
ozonation process and easy residence time, controlling
for pollutant and catalyst. So far, literatures containing
both “ozonation” and “membrane” were mainly
focused on three aspects: (i) sole ozonation is used as a
pretreatment to reduce membrane fouling in the sub-
merged membrane bioreactor process [12,13]; (ii) mem-
brane is used to filter off organic compounds and sole
ozonation is used to decrease membrane fouling in a
hybrid ozonation-membrane filtration [14-17]; (iii) hol-
low fiber membrane or porous membrane is used as
bubbleless membrane to feed O; in order to enhance O3
mass transfer performance in ozonation process [18,19].
Although many literatures involved both ozonation
and membrane filtration technology, none of them
mentioned the role of membrane used to separate the
fine size catalysts from the treated water. Obviously,
the HCOM process has not received attention even
though it is expected to possess a technical superiority.
The purpose of this study is to assess the feasibility
of an integrated HCOM separation system to remove
refractory organic pollutants in water. As part of this
project, MgO nanosheets with dominant (111) facets
were prepared by facile wet chemical process, and the
catalytic activity of MgO(111) in the ozonation of
refractory organic pollutants was investigated in a
semi-continuous reactor with a view to practical
application. The basic characteristics of the HCOM
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reactor, including the retention performance of MgO
(111) particles, the membrane fouling, and the degra-
dation of organic pollutants, were investigated. Nitro-
benzene (NB) was chosen as a model refractory
organic pollutant since it is highly toxic, widely dis-
persed in water and soil, as well as resists oxidation
by conventional chemical oxidation and shows poor
biodegradability [20].

2. Materials and experiments
2.1. Materials

The magnesium (Mg) ribbon, methyl alcohol
(CH30H), sodium hydroxide (NaOH), hydrochloric
acid (HCI), potassium iodide (KI), sodium thiosulfate
pentahydrate (NayS,03), acetone (C3HsO), magnesium
nitrate (Mg(NO3),-6H,0), manganese nitrate (Mn
(NO3),-4H,0), and tert butyl alcohol (C4HyOH) were
obtained from Tianjin Damao chemical agent factory,
China. 4-methoxybenzyl alcohol (CgH;00,) was got
from Aladdin chemistry Co. Ltd, China. Nitrobenzene
(CcHsNO,) was purchased from Guangzhou chemical
reagent Co. Ltd, China. All chemicals were analytical
grade and used without further purification. The cera-
mic micro-filtration membrane module (MT-3) was
provided by Midea Co. Ltd, China. The membrane is
a hollow cylinder which has an outer diameter of
50mm, an inner diameter of 48mm, a length of
70mm, with an average pore size of 3.0 um, and the
surface area of 0.0085 m”. Pure water was used to pre-
pare solutions.

2.2. Preparation of catalyst

The catalyst of MgO with dominant (111) facets
was prepared by reported wet chemical process [9].
Briefly, the Mg ribbon (1.67g) washed with C3HO
was reacted with absolute CH;OH (70 mL) in a flask
to obtain the inorganic intermediate magnesium meth-
oxide. Then CgH;qO, (4.35mL) was added to the
above flask. After stirred for 5h, the mixture solvent
of 250mL of pure water and 50mL of absolute
CH;0H was added dropwise and stirred for 12h.
Subsequently, the mixture was transferred to a 1L
high pressure reactor under the argon atmosphere for
supercritical treatment. The obtained white powder
was calcined at 500°C for 6h with heating rate of
3°C/min, producing the final catalyst of MgO.

2.3. Construction of HCOM reactor and catalytic activity
measurements

The integrated reactor of HCOM separation,
namely a HCOM reactor, was constructed as shown in
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Fig. 1. The HCOM reactor consists of a reaction cylin-
der, catalyst particles, a submerged ceramic membrane
module, an O; feed system, a wastewater feed system,
an effluent collecting system, and Oj traps. The reaction
cylinder with several input/output ports has a height
of 615mm, and an inner diameter of 65mm. The O3
feed system includes an O; generator (YE-TG-PII,
Nanjing YDG ozone Co., Ltd, China) and an online O;
detector (IDEAL-2000, IDEAL USA). In a typical
experimental run, 900 mL pure water was added into
the reaction cylinder. O; gas was produced from
cylinder oxygen by the O generator and diffused into
the reactor through a corundum sparger at a flow rate
of 0.5L/min monitored by a flow meter on the gener-
ator. The O; gas concentration in the stream contain-
ing O; and oxygen was controlled at 5.0+0.2mg/L
monitored by the Oz detector. The excess O; in
the outlet gas was trapped by KI solution. After
reaching the steady-state condition in 20min,
100mL of NB solution (500.0mg/L) and a certain
amount of catalyst were added into the reaction
cylinder. At the same time, NB aqueous solution
(50.0mg/L) was supplied into the reactor continu-
ously by one pump at a flow rate of 33.3 mL/min.
The treated water permeated through the membrane
driven by another pump at the same flow rate of
33.3mL/min in order to keep the solution volume
constant in the reactor cylinder. With this flow rate,
the hydraulic retention time was controlled to be

Fig. 1. Schematic diagram of the HCOM reactor: (a) oxy-
gen cylinder, (b) PC monitor, (c¢) O; detector, (d) O3 gener-
ator, (e) KI trap, (f) reaction cylinder, (g) membrane
module, (h) bubbles, (i) catalyst particles, (j) manometer,
(k) pump, (1) effluent tank, (m) waste water feed tank, (n)
samping port.
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30 min. Thus, MgO particles can be retained in the
reactor by the membrane module. The O; gas concen-
tration, system pressure, and flux were monitored and
recorded on an online computer throughout the opera-
tion of the HCOM reactor. At a given time interval,
5mL of sample was taken by the sampling valve set
at the upper reaction cylinder to quantify adsorption/
oxidation. 0.05 mL of 0.25mol/L NayS,O; was subse-
quently added to quench the aqueous O3 remaining in
the reaction solution. Then samples were analyzed
immediately after filtration through 0.22 yum Millipore
membrane filters. The reaction temperature was
maintained at 25°C.

The catalytic activity of MgO(111) nanosheets in
the heterogeneous catalytic ozonation process was
evaluated by comparing with the conventionally pre-
pared MgO (CP-MgO), varying catalyst dosage, the ini-
tial solution pH value, and the amount of radical
scavenger tert butyl alcohol (TBA) in a semi-continuous
reactor. All the semi-continuous experiments were also
carried out in the above reactor except that total 1L of
NB solution was added into the reactor and no influ-
ent and effluent were supplied.

2.4. Characterization of catalysts and analytical methods

The TEM measurements were carried out on a FEI
Tecnai G2 Spirit (FEI, Netherlands) operated at 120 kV
or 300kV. The specific surface area and temperature
programmed desorption of carbon dioxide (CO,-TPD)
were determined with an Autosorb-iQ-MP gas sorp-
tion analyzer (Quantachrome Instruments, USA) [21].
The XRD pattern was obtained by using D/max 2200
vpc Diffratometer (Rigaku Corporation, Japan) with a
Cu Ka radiation at 30 kV and 30 mA. The particle size
and zeta potential were measured by particle size and
zeta analyzer (Zetasizer Nano-ZS 90, Marlven), respec-
tively. The turbidity was determined using a turbidim-
eter (Model 2100 N, Hach). The pH of the solution
was measured with a PHS-3C pH meter (Rex instru-
ment factory, Shanghai, China). The concentration of
NB was analyzed by means of a high performance
liquid chromatography (HPLC, LC15, Shimadzu,
Japan) with a UV detector (SPD-15C) at 262nm.
A Wondasil 5pum C18 column (4.6 x 150 mm, GL Sci-
ences, Inc) was used and kept at 30°C. The mobile
phase was a mixture of methanol and water at 70:30
(v/v), and its flow rate was 1.0mL/min. The total
organic carbon (TOC) of the reaction mixture was
measured on a TOC analyzer (Shimadzu, Japan). The
gas concentration of O3 was measured by ultraviolet
absorption method through an online O; detector
(IDEAL, USA). The pressure was measured by
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micro-manometer (ZhengBao, YE-60, China) and the
membrane resistance was measured according to the
literature [22]. The concentrations of magnesium ions
were detected by an inductively coupled plasma (ICP)
atomic emission spectrometer (5300DV, PE, USA).

3. Results and discussion
3.1. Characterization of MgO

As shown in Fig. 2(a), the morphology of periclase
MgO in TEM image is similar to that reported in the
literature [9] and presented as nanosheets with irregu-
lar shape. Moreover, most of the nanosheets are ori-
ented parallel to the support film while some of the
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sheets are imaged edge on, from which the thickness
of the sheet is determined as about 4.80 nm. As shown
in Fig. 2(b), HRTEM image and local Fourier trans-
form (FFT) of isolated MgO nanosheets exhibit lattice
fringes with a distance of 0.24-0.25 nm parallel to the
main surface of the nanosheet is in good agreement
with the (111) lattice spacing of MgO, indicating that
their main surface of MgO nanosheets is parallel to
the (111) lattice planes. As it is well known, the MgO
(111) facet is composed of alternating monolayers
of exclusively oxygen and exclusively magnesium
atoms. In contrast, the conventionally prepared MgO
(CP-MgO) by thermal decomposition of either magne-
sium salts or magnesium hydroxides possess the (100)
facets as their primary surface [23]. Compared to
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Fig. 2. Characteristics of the prepared MgO powder: (a) TEM image; (b) HRTEM image and local FFT; (c) nitrogen
adsorption—desorption isotherms; (d) CO,-TPD of MgO(111) and CP-MgO; (e) XRD pattern; (f) particle size distribution.
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CP-MgO, the surface of MgO(111) has a strong electro-
polarity, high surface reactivity, and large amounts of
stronger basic sites on the surface due to high concen-
tration of surface O*~ Lewis basic sites corresponding
to the particular structure of MgO(111) with pure O*~
on one layer [21]. These characteristics may pose posi-
tive effects in heterogeneous catalytic ozonation [24].
In an attempt to prove the strong solid basic character-
istics of MgO(111) directly, the CO,-TPD measure-
ments on MgO(111) and CP-MgO were carried out for
comparisons (Fig. 2(d)). The TPD profile of MgO(111)
contains three CO, desorption peaks. The first two
peaks are partly overlapped, widely ranged from 25 to
400°C. The peaks between 25 and 200°C could be
attributed to the interaction of CO, with the weak
basic sites that correspond to hydroxyl groups on the
surface. The second group between 200 and 400°C
may be associated with oxygen in the Mg** and O*"
pairs. Finally, the peak higher than 400°C may be due
to the existence of strong basic sites, possibly corre-
sponding to isolated O®~ [25]. Generally speaking, the
strength of basic sites increases with the increasing
temperature of the peaks appeared in the TPD profile,
and the larger peak area corresponds to more basic
sites. It is obvious that MgO(111) nanosheets obtained
more basic sites indicating the large peak areas in the
whole temperature range. Particularly, there are much
more medium and strong basic sites on the surface of
MgO(111) nanosheets than CP-MgO nanocrystals
directly derived from the calcination of Mg(NO3),.
The nitrogen adsorption-desorption isotherms of the
samples are shown in Fig. 2(c). The synthesized MgO
(111) and CP-MgO have the specific surface area of
187.8 and 13.4m?/g, calculated from the linear region
of the Brunauer-Emmett-Teller (BET) plot. The aver-
age pore volume and size are 1.38 cm’/g and 12.45 nm
for MgO(111), while 0.023 cm3/g and 6.87nm for
CP-MgO, calculated from the nitrogen desorption
isotherm by the Barrett-Joyner-Halenda method.
Obviously, MgO(111) has higher BET than CP-MgO.
The XRD pattern of the fabricated MgO powder in
Fig. 2(e) confirms the pure periclase MgO crystalline
(JCPDS file No. 45-0946). As shown in Fig. 2(f), the
prepared MgO particles suspended in aqueous solu-
tion possesses particle size distribution from 3.09 to
6.44 ym with an average particle size of 4.67 um. Thus,
a micro-filtration membrane with high permeate flux
can be selected to intercept MgO(111) nanosheets in
the reactor.

Zeta potentials of MgO(111) nanosheets were mea-
sured at various pH values to examine the surface
charge and basic properties. As shown in Fig. 3, the
pHpzc (pH at which the surface has the point of zero
charge) of MgO(111) is located at pH 12.7, which is
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Fig. 3. Zeta potential at various pH values of the prepared
MgO.

higher than that of 12.4 [26]. It is well known that the
pHpzc values of the oxides are in accordance with
their acid/base properties, higher pHpzc corresponds
to higher basic character [27,28]. Hence, the high
pHpzc of MgO(111) suggests that MgO(111) possesses
strong basic property, in accordance with the result of
CO,-TPD measurement. Below pH 12.7, the surface of
MgO(111) is positively charged and counterbalanced
ions OH™ are attracted, thus the basic micro-environ-
ment near the surface of MgO(111) particles forms,
which facilitates the generation of hydroxyl radicals
("OH) from O;.

3.2. Batchwise catalytic degradation of NB

In an attempt to evaluate the catalytic degradation
of NB in suspension system, a series of comparison
experiments were done by varying catalyst types and
dosage, the initial solution pH value, and the amount
of radical scavenger TBA. The investigations can also
supply a theoretic optimal reaction condition in the
HCOM reactor operated in continuous flow mode.

3.2.1. Effect of catalyst types and dosage

Effect of catalyst types were investigated on the
degradation of NB. As shown in Fig. 4(a), the degra-
dation efficiencies of NB were 90.6 and 70.2% in MgO
(111)/05, CP-MgO/O3 within 30 min reaction when
fixing the catalyst dosage at 25.0 mmol/L. It is obvious
that MgO(111) promoted the degradation of NB much
more significantly than CP-MgO. This indicated that
the prepared MgO(111) displayed higher catalytic
activity in ozonation than CP-MgO. Compared to
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Fig. 4. (a) Effect of catalyst types and MgO(111) dosages
on NB degradation. CP-MgO and MnOx derived from the
thermal decomposition of magnesium nitrate and manga-
nese nitrate (O3: 5.0mg/L; NB: 50.0mg/L; pH: 6.7); (b)
Line fit of kinetics data with different catalyst dosages of
MgO(111), insert: the k,, at different MgO(111) dosages.

CP-MgO, the surface of MgO(111) has larger amounts
of medium and strong basic sites on the surface due
to a high concentration of surface O*" Lewis basic
sites corresponding to the particular structure of MgO
(111) with pure O* on one layer, which has been
proved by CO,-TPD measurements in Fig. 2(d). More-
over, the surface of solid base MgO(111) is positively
charged and counterbalanced ions OH  are attracted,
thus the basic micro-environment near the surface of
MgO(111) particles forms below pH 12.7. Both the
presence of large amounts of basic sites and the basic
micro-environment facilitates the generation of -OH
from O3 [29]. Thus, organic pollutants can be oxidized
efficiently in MgO(111)/O3 system. Manganese oxide
(MnO,) is the most extensively studied catalyst in the
ozonation. Zhao et al. reported that the home-made
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MnOy can remove aqueous NB efficiently under their
investigated conditions [30]. Herein, MnO, prepared
according to Zhao’s method was also used as ozona-
tion catalyst for comparisons. The results showed that
the presence of MnO, enhanced the degradation of
NB in the ozonation, but the enhancement degree was
lower than both MgO(111) and CP-MgO. The results
showed that MgO(111) exhibited the highest catalytic
activity towards the degradation of NB in ozonation.
Hence, MgO(111) was selected as the catalyst in all
the following experiments.

A sufficient amount of catalyst is needed to ensure
enough catalytic active sites and thus maintain effi-
cient catalytic ozonation in the reactor. However,
higher catalyst dosage has some negative effects, such
as lower critical flux, more serious membrane fouling
as well as higher operational cost. The effect of the
MgO catalyst dosage on the degradation of NB was
further investigated, as shown in Fig. 4(a). Usually,
the removal of organic pollutant by Oj; is first order
with respect to O; and the pollutant. When the
amount of Oj; is in excess, the reaction is pseudo-first-
order with respect to organic pollutant [31]. A
pseudo-first-order linear relationship was observed in
the plot of In (Cy/Cy) vs. reaction time, as shown in
Fig. 4(b). The apparent rate constant of NB degrada-
tion in the ozonation alone process or in the catalytic
ozonation process can be calculated according to the
equation of In (Cy/Cy =k,p, t, where k,j, is the slope of
the curve in Fig. 4(b). The lowest degradation effi-
ciency of NB appeared in the absence of MgO, namely
in the ozonation alone process, with the removal rate
of only 51.8% and the k,p, value of 0.0261 min ' within
30 min reaction. When 25.0 mmol/L of MgO(111) was
added to the reaction system, both the removal rate of
NB and the k,, value increased to 90.6% and
0.0741 min~", respectively, within 30min reaction.
After that, further increasing MgO(111) catalyst dos-
age to 37.5mmol/L and even 50.0 mmol/L, the k,,
value showed relative steady, indicating that catalyst
dosage of more than 25.0 mmol/L would not acceler-
ate the catalytic ozonation. It was because a small
amount of MgO(111) made it possible that the chain
of radical reactions could be induced and propagated
by the Oj introduced in the reactor, while the excess
catalyst easily aggregated and affected the usage effi-
ciency [32]. Thus, 25.0mmol/L of MgO(111) was
selected as the optimum dosage for the following
experiments. To make it certain how much homoge-
neous catalytic ozonation originated from the leached
magnesium contributed to the degradation of NB. The
homogeneous filtrate of the 25.0 mmol/L MgO(111)
slurry after being aerated with air for 30min was
collected. The homogeneous catalytic ozonation was
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conducted by adding the concentrated NB and inlet-
ting O; to the filtrate. The initial NB concentration
was also controlled at 50.0mg/L. The results sug-
gested that the degradation curve of the homogeneous
catalytic ozonation almost overlapped that of the
ozonation alone in Fig. 4(a). Hence, it was deduced
that the degradation of NB in MgO(111)/0O; system is
mainly contributed by the heterogeneous catalytic
ozonation, not the homogeneous catalytic ozonation.

3.2.2. Effect of the initial solution pH value

In the catalytic ozonation process, solution pH
value can affect the decomposition rate of the dis-
solved Oz, the surface properties of catalyst, and the
dissociation of ionic or ionizable organic molecules,
which would finally determine the degradation of
pollutants [33]. Therefore, effect of the initial solution
pH value on NB degradation in MgO(111)/0; system
was studied (Fig. 5). As can be seen from Fig. 5(a),
increasing the initial pH from 4.0 to 6.7 led to an
enhancement of NB removal rate from 80.9 to 90.6% at
30min, which increased to 92.8% when further
increasing the initial pH value to 8.0, and even to
slightly higher value with the pH adjusted to 10.0 and
12.0. It could be observed that the degradation effi-
ciency of NB catalyzed by MgO(111) was located
between 809 and 95.7% in a wide pH range of
4.0-12.0 within 30min. It means no pH adjustment
to the wastewater, as pretreatment, is needed for
MgO(111)/0O; process in a wide pH range. This obser-
vation is very important for the practical industrial
application of catalytic ozonation in wastewater treat-
ment. Zhao et al. [34] also found higher NB removal
rate at a higher pH value in the catalytic ozonation of
NB by ceramic honeycomb. As it is well known, water
pH indicates the concentration of OH ™ in the solution,
which is an initiator for aqueous Oz decomposition
into *OH [35]. When pH increased, especially in alka-
line pH value, more OH™ could initiate O3 decomposi-
tion to form '‘OH, which had high reaction activity
towards NB. Especially, when the initial solution pH
increased over 12.0, the surface of MgO(111) was
negatively charged and MgO-O~ was the dominant
species since the pHpzc of MgO(111) is 12.7. The nega-
tively charged surface favors the interaction of O;
with the catalyst. This is an important property for
enhancement of transformation of Oz into "OH. Even
some studies indicate that the deprotonated surface
groups of the catalyst can act as initiators of radical
reactions [36]. These reasons resulted in high removal
rate of NB at high pH conditions. In contrast, less
OH" in the solution was obtained at acidic conditions.
However, MgO(111) possesses alkaline property and
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Fig. 5. (a) Effect of the initial solution pH value on NB
degradation (MgO: 25.0mmol/L; Os;: 50mg/L; NB:
50.0mg/L); (b) Line fit of kinetics data with different ini-
tial solution pH value, insert: the k,, of different initial
solution pH value.

the pHpzc is 12.7. Below pH 12.7, the surface of MgO
(111) is positively charged and counterbalanced ions
OH  are attracted, thus the alkaline micro-environ-
ment near the surface of MgO(111) particles forms,
which facilitates the generation of *‘OH. This result
accords with the report that reactive oxygen species
such as ‘OH, superoxide radicals, and hydrogen per-
oxide formed on the surface of MgO which is covered
by a layer of OH in the field of antibacterium [37].
The formation of the alkaline micro-environment may
explain high removal rate of NB at low pH conditions.
Although high NB conversion at 30 min was achieved
in a wide pH range of 4.0-12.0 and no remarkable dif-
ference in the removal rate of NB at 30min was
observed at different initial pH value, the rate constant
k.p of NB degradation increased from 0.0536 min™" at
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pH 4.0 to 0.0741 min~" at pH 6.7 as shown in Fig. 5(b).
When the pH is increased to 12.0, the k,,, value is fur-
ther increased to 0.1000min~'. The results revealed
that increasing the initial pH value can promote the
NB degradation and MgO(111) is the highly active cat-
alyst in the ozonation in a wide pH range.

3.2.3. Effect of the addition of radical scavenger TBA

TBA is a strong radical scavenger to terminate the
radical chain reaction, which has the reaction rate con-
stant of 6 x10°M's™" with *OH and only 3x10°M™
s ! with O; [38]. It is generally believed that O; reacts
with various organic pollutants in aqueous solution by
a direct reaction of O3 or through a radical type reac-
tion involving ‘OH induced by Oz decomposition in
water. To make it clear whether *OH are involved in
the ozonation alone process and the catalytic ozona-
tion process, TBA (100.0 mg/L) was added to the ini-
tial solution. As shown in Fig. 6(a), after the addition
of TBA, the NB removal rate decreased from 90.6 to
62.8% in MgO(111)/0O; process. It was obvious that
the 'OH, able to oxide NB more efficiently, were
quenched by TBA. This indicated that the degradation
mechanism of NB in MgO(111)/05 involved *OH reac-
tion mechanism. In the same situation, *OH was also
involved in ozonation alone indicated by the decrease
in the NB removal rate from 51.8 to 40.3%, which is
consistent with Ren’s result [39]. Furthermore, the per-
centages of O3 and *OH contribution to total oxidation
were calculated. Since the TBA was added to capture
the 'OH, the removal rates of NB can be attributable
to the oxidation by ozonation alone. Considering that
the total oxidation were mainly resulted by the oxida-
tion of O3 and "OH, the contribution by *OH (f.on) and
Os (fo,) can be estimated by Eq. (1) [40].

forn =1—fo, = <1kZBA> x 100% M
ap

where krps is the slope of the curve oxidation NB
when TBA was added in the reaction processes. The
linear regression of the data got from Fig. 6(a), the
krga and k,, were 0.0341 and 0.0741 min~! within
30min reaction in MgO(111)/O; process, and 0.0175
and 0.0261 min""' in ozonation alone process. Hence,
the fo, and fou were 46.0 and 54.0% at 30 min in MgO
(111)/O3 process while 67.0 and 33.0% in ozonation
alone process. Obviously, the ‘OH contribution in the
former process had at least 1.6 times as much as that in
the latter process. The effect of TBA and mineralization
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Fig. 6. (a) Effect of TBA on NB degradation in different
processes; (b) Effect of TBA on TOC degradation in different
processes (TBA [if use]: 100.0 mg/L; MgO: 25.0 mmol/L; Os:
5.0 mg/L; NB: 50.0 mg/L; pH: 6.7).

of NB were evaluated by the TOC removal rate in the
MgO(111)/O3 process, which was also measured in
ozonation alone process for comparisons, as shown in
Fig. 6(b). For both processes, the TOC removal rate
increased with increasing reaction time. At 90 min, the
TOC removal rate in MgO(111)/O5; process in the
absence of TBA reached 50.8%, 20.0% higher than that
of ozonation alone process. This indicated that the
presence of MgO(111) exerted very positive influence
on the TOC removal rate. When the addition of TBA,
the TOC removal rate both decreased to 32.8 and
20.2% in MgO(111)/0O3, and ozonation alone process,
also indicated the degradation mechanism of NB
involved "OH reaction mechanism.
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3.3. Continuous catalytic degradation of NB in HCOM
reactor

3.3.1. Retention of catalyst particles by the membrane

Although MgO(111) nanosheets exhibited high cat-
alytic activity towards the degradation of refractory
organic pollutants, the difficult and time-wasting
recovery of the catalyst decreased the water treatment
efficiency greatly. Hence the separation of the sus-
pended catalysts became the major concern for the
practical application of MgO(111) nanosheets. Inspired
by the idea of MBR, the membrane was introduced
into the heterogeneous catalytic ozonation reactor to
intercept the catalyst particles similar to MBR technol-
ogy [10,11] since fine catalyst particles being sus-
pended in the solution is just like the activated sludge
particles being suspended in wastewater in activated
sludge process. Thus, the recovery problem of fine
size catalyst particles was possibly resolved.

According to Cherkasov and Polotsky’s report [41],
the value of the critical ratio, F.. =7s/R;, was 0.7-1.0
for micro-filtration, where r, is the minimal radius of
particles retained by the membrane and Ry is the
mean hydraulic pore radius. Since the minimal diame-
ter of MgO(111) particle suspended in aqueous solu-
tion was 3.09 um, a commercial ceramic membrane
with an average surface pore size of 3.0pum was
selected and applied in the continuous-flow HCOM
reactor (F.. =1.0).

Retention of MgO(111) catalyst particles by the
micro-filtration membrane in the HCOM reactor was
evaluated by both turbidity and residual catalyst con-
centration in the suspended solution under constant
trans-membrane pressure (TMP) (Fig. 7). The dosage
of MgO(111) catalyst in HCOM reactor was 12.5, 25.0,
37.5, and 50.0 mmol/L, corresponding to the turbidity
of 61 NTU, 270 NTU, 400 NTU, and 480 NTU, respec-
tively. In all cases, the turbidity of the mixed liquor
inside the HCOM reactor decreased at the beginning
and then reached a steady-state value of 47 NTU, 235
NTU, 281NTU, and 378NTU, respectively, which
decreased by 22.0, 13.0, 29.8, and 21.3%, respectively,
compared to the initial turbidity (Fig. 7(a)). The corre-
sponding effluent turbidity of permeate was finally
stable at 0.05 NTU, 0.06 NTU, 0.08 NTU, and 0.08 NTU,
respectively, all below 0.1 NTU. It indicated that very
small amount of MgO(111) nanosheets permeated and
the decreased MgO(111) in the solution primarily
adsorbed on the membrane. The result was further
confirmed by the mass balance of MgO(111). The
concentration of MgO(111) inside the reactor was
tracked. It decreased at first and then reached a
steady-state value of 0.48, 093, 142, and 1.83g/L,
respectively (Fig. 7(b)). The adsorbed MgO(111) on
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Fig. 7. (a) Turbidity changes at different MgO(111) dos-
ages; (b) Concentrations of MgO(111) inside the reactor at
different initial dosages (TMP: 8.0kPa; NB: 50.0mg/L;
pH: 6.7).

the surface of the membrane and the permeated
MgO(111) particles could explain the initial decrease
in the turbidity of the mixed liquor and the concentra-
tion of MgO(111) inside the reactor. After reaching the
steady state in 20 min, the adsorption and desorption
equilibrium of MgO(111) particles on the surface of
the immersed membrane was established. Since the
quantity of MgO(111) in the effluent is very small
indicated by the turbidity, lower than 0.1 NTU, the
effluent sample in each case at 20min was digested
and the concentration of magnesium ion was mea-
sured by ICP, which was 1.2, 1.8, 1.9, and 1.8 mg/L
corresponding to the MgO(111) dosage of 12.5, 25.0,
37.5 and 50.0 mmol/L. Thus, the permeated MgO(111)
was estimated as 2.0, 3.0, 3.2, and 3.0 mg/L. According
the mass balance, the adsorbed MgO(111) on the
surface of the membrane was 18.0, 67.0, 76.8, and
167.0mg/L, respectively. After reaching the steady
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state in 20min, the dynamic membrane with the
adsorbed MgO(111) cake formed and played a better
role of intercepting the catalyst particles than the raw
membrane. The measurements of both turbidity and
catalyst concentration showed that the ceramic mem-
brane could almost intercept the MgO(111) particles
inside the reactor during operation, which hence could
be reused in a continuous flow mode without addi-
tional recovery from the treated water. The successful
retention of MgO(111) particles by the membrane in
HCOM reactor also indicates that the commercial cera-
mic membrane with an average surface pore size of
3.0 um is suitable. The HCOM reactor overcomes the
shortcomings of the usual way (coagulation, gravity
settling, and filtration) to reuse the catalyst, such as
complication, discontinue, and time wasting. For
example, coagulation and flocculation, as conventional
methods to remove catalyst from the treated water,
would use flocculants to enhance sedimentation, so
that an additional separation process is required. The
novel HCOM reactor could continuously treat waste-
water, which would avoid the additional separation of
catalyst for reuse and save much time. Thus, the treat-
ment capacity of the reactor and the treatment effi-
ciency of aqueous organic pollutants were enhanced
greatly.

3.3.2. Membrane fouling in HCOM reactor

The decrease in permeate flux can indicate the
membrane fouling in HCOM reactor. Hence, the per-
meate fluxes of the membrane separation process with
different MgO(111) concentrations were measured, as
shown in Fig. 8. The permeate fluxes were kept almost
constant at the MgO(111) concentration of 12.5 and
25.0 mmol/L, but when the MgO(111) concentration of
375 and 50.0mmol/L used, the permeate fluxes
decreased. It is important to note that the fluxes
declined obviously during initial filtration, and then
slowly, finally reached a relatively steady state after
about 20 min operation. The residual MgO(111) con-
centration inside the reactor also changed in the same
trend. Moreover, the permeate fluxes decreased more
quickly when higher concentration of MgO(111) was
used, indicating that the membrane fouling increased
exponentially with an increase of MgO(111) concentra-
tion. According to the above discussion, most of the
decreased MgO(111) was adsorbed by the membrane
and the adsorbed amount also increased by increasing
the MgO(111) concentration. The adsorbed particles
formed a cake lake on the surface of the membrane or
even penetrated the membrane to block the pores,
which resulted in the membrane fouling [42].
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Fig. 8. Membrane flux changes in the continuous reactor
with different MgO(111) concentrations and resistance con-
stitution of the used membrane (TMP: 8.0 kPa; NB: 50.0
mg/L; pH: 6.7).

Therefore, the membrane fluxes declined and the
membrane resistance increased when the catalyst con-
centration increased. To examine the fouling mecha-
nism, component membrane resistances after 30 min
operation of the HCOM reactor with 25.0 mmol/L
MgO(111) catalyst was measured (the inset of Fig. 8).
The total resistance (R) was 123.07x10°m !,
including cake resistance (R.), pore plugging resis-
tance (R,), and intrinsic membrane resistance (R,,) of
12310°m™!, 492x10°m™, and 11692x10°m™",
respectively. The membrane fouling was mainly
resulted by the MgO(111) deposited on the membrane
and in the pores of the membrane. The fouling degree
can be indicated by the cake resistance and pore plug-
ging resistance. These two resistances occupying only
5.0% of the total resistance showed that only slight
membrane fouling occurred.

3.3.3. Long-term catalytic degradation of NB in HCOM
reactor

Long-term catalytic degradation of NB in HCOM
reactor was carried out to evaluate the stability of the
integrated HCOM separation system, and reuse of the
catalyst. The HCOM reactor was operated based on
the above determined operation parameters, such as
catalyst type and dosage, the initial solution pH, the
membrane type, and the permeate flux. As shown in
Fig. 9, the NB removal rate increased rapidly, and
reached about 90% at 30 min, and then kept constant
even during the 24 h operation. It implied that MgO
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Fig. 9. Removal rate of NB and TMP changes in the
HCOM reactor (MgO: 25.0mmol/L; O;: 5.0mg/L; NB:
50.0mg/L; pH: 6.7).

(111) nanosheets were durable without significant loss
in catalytic activity. At the same time, the TMP was
almost kept constant at about 8.0 kPa and only slightly
increased with the time, indicating that the membrane
fouling was minor even after 24 h operation period.
The treatment capacity of the continuous flow HCOM
reactor reached 48.0L/d while that of the batch reac-
tor with the same working volume should be much
lower due to the time-wasting recovery of catalyst
between two runs and the loss of the catalyst during
the recovery operation.

The integrated HCOM separation system was very
steady in the long-term operation and the catalyst par-
ticles could be mostly rejected. The long-term experi-
ment indicated that the HCOM system was efficient
for degradation of refractory organic pollutants in
water. Even if deactivation of the catalyst occurred in
the integrated system, fresh catalyst can be introduced
simply.

4. Conclusions

The integrated HCOM separation system with
active MgO catalyst is proved to be feasible for effi-
cient removal of refractory organic pollutants in water
and retention of fine size catalyst conveniently. MgO
nanosheets with dominant (111) facets were prepared
successfully by facile wet chemical process, which
exhibited higher catalytic activity than both CP-MgO
and the most extensively studied MnO, due to a high
concentration of surface O*~ Lewis basic sites on the
unusual surface. In addition, the HCOM system can
realize continuous reuse of MgO(111) catalysts. Thus,
the treatment capacity of the reactor and the treatment
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efficiency of refractory organic pollutants were
enhanced greatly. The measurements of the turbidity
and the residual concentration of MgO(111) sus-
pended in the reactor showed that the catalysts were
successfully retained in the reactor by the membrane.
At the optimum 25.0 mmol/L dosage of MgO(111), 5%
contribution of the total resistance brought by cake
and pore plugging resistance indicated that the mem-
brane fouling was negligible. The long-term continu-
ous catalytic ozonation experiments demonstrated that
the removal rate of NB could maintain over 90% with
a constant flux of 3.92Lm ?min”' during the 24h
operation. These results showed that this integrated
heterogeneous catalytic ozonation based on active
MgO(111) catalyst and membrane separation was con-
firmed to be efficient for degradation of recalcitrant
organic pollutants in wastewater.
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