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ABSTRACT

In this research, Ni/Co/Fe 2D nanosheets-crosslinked frameworks (Ni-Co LDHs, Ni-Fe LDHs,
Co-Fe LDHs) were synthetized to achieve a better performance on phenacetin (PNT) degradation
in catalytic ozonation. The mechanism of enhanced degradation efficiency and mineralization in
catalytic ozonation system were explored with the help of different kinds of catalysts character-
ization, including X-ray diffraction, Fourier transform infrared, Brunauer-Emmett-Teller, scan-
ning electron microscopy, and energy-dispersive X-ray. The results showed that Ni-Co LDHs@
ALQ, catalyst could not only greatly enhance the degradation of PNT, but also have better stability
and reusability by ozonation. The COD removal with Ni-Co LDHs@ALO, catalyst could reach
65.3%, while 63.8% with Ni—Co layered double hydroxides (LDHs) catalyst, 61.8% with Fe—Co
LDHs catalyst, 55.5% with Ni-Fe LDHs catalyst and only 48% with ozonation alone after 120 min.
In addition, based on the intermediates detected by gas chromatography-mass spectrometry,
a possible degradation pathway of PNT was proposed.
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1. Introduction

Pharmaceuticals have received growing attention as
new types of emerging contaminants (ECs) in surface [1]
and ground waters [2] due to their extensive use and the
difficulty in metabolic degradation. Several studies showed
that they are not degraded effectively by traditional
wastewater treatment processes [3,4]. And they have been
observed that a potential risk to human health and ecolog-
ical safety for the presence of pharmaceuticals in water [5].
As a pain-relieving and fever-reducing drug, phenacetin
(PNT, N-(4-ethoxyphenyl) acetamide) was banned in US
from 1983 for the side effect and after-effect of carcino-
genesis [6]. Until now, it is still widely used in some Asian
countries and the concentration of PNT pharmaceutical

* Corresponding author.

was increased in China’s wastewater treatment plant [7].
If PNT pharmaceutical could be efficiently removed in the
discharge of the pharmaceutical enterprise wastewater, it
would greatly reduce the pollution and concentration level
in water environment. In recent, several water industry
technologies were used to remove PNT from water, such
as ozonation, UV photolysis [8], photocatalytic degradation
[9], Fenton reaction [10], and combinations of these tech-
niques [11]. Zhu et al. [8] reported that the degradation of
PNT by the combination of low-pressure mercury lamp and
chlorine (UV/ chlorine), was systematically investigated
in terms of degradation kinetics. The degradation of PNT
followed pseudo-first-order kinetics. Qi et al. [7] reported
that the magnetic spinel CuFe,O, (CFO) had an excellent
degradation of PNT in catalytic ozonation.
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Ozone (O,) is known as a powerful oxidant in the aque-
ous medium which reacts either by ozone direct electro-
philic attack or hydroxyl ("OH) radical indirect reaction [12].
However, it does not provide complete mineralization in
many cases (monitored by chemical oxygen demand (COD))
[13]. Catalytic ozonation has gained more interest in order
to provide better degradation efficiency. A wide variety of
solid catalysts have been investigated so far, including metal
transition metal based materials (single or supported metal
oxide/oxyhydroxide) [14,15], zeolites [16,17], clay minerals
[17], and activated carbon [18].

Among these catalysts, layered double hydroxides (LDH)
are also termed hydrotalcite-like compounds or anionic
clays, [M3}* M3 (OH),[-[A ,]"mH,O, where M* is a divalent
metal cation, M* is a trivalent metal cation, and A™ is the
exchangeable charge compensating anions [19]. These nano-
materials have been widely used in electrocatalytic reactions
[20], photodegradation [21] and catalytic ozonation [13],
due to the wide choice of transition metals and the abun-
dance of hydroxyl groups in the layer structure. In recent
years, El Hassani et al. [13] studied the catalytic activity of
Ni-based layered double hydroxides (Ni-LDHs) nanomate-
rials for dye degradation (methyl orange (MO)) where the
mineralization of MO increased in the presence of the cata-
lyst compared to noncatalytic degradation. Xu et al. [22] used
Co-Fe LDHs to support the formation of *OH by promoting
ozone decomposition, and the degradation of ATL and TOC
was significantly improved during the catalytic ozonation.
This was due to the presence of different transition metals in
LDH that enhanced ozone decomposition to form *OH rad-
icals or other reactive species. Inspired by these results, we
assumed that the Ni-Co LDHs/Ni-Fe LDHs/Co-Fe LDHs
might have similar catalysis in ozonation for organic matter
removal. However, the way to effectively immobilize or sep-
arate the LDHs particles is still a challenge in this catalytic
ozonation system. Supported nanoparticle catalysts offer a
promising approach to solve this problem. Among them,
ALO, has been chosen because of its remarkable specific sur-
face area and high stability [23]. Since LDHs covered on the
surface of AL,O,, enhanced a better dispersion of nanopar-
ticles in suspension [24], satisfied results can be reached at
a certain condition. In addition, few studies on this kind of
LDHs@Al O, catalyst and catalytic ozonation of pharmaceu-
tical wastewater by this kind of catalyst have been reported.

In this study, Ni-Co LDHs/Ni-Fe LDHs/Co-Fe LDHs
were prepared by the precipitation method and the cat-
alytic activity of as-prepared samples were evaluated in
the catalytic ozonation of PNT. The characterization tech-
niques used to probe these catalysts were X-ray diffrac-
tion (XRD), Fourier transform infrared (FI-IR), scanning
electron microscopy (SEM), and energy-dispersive X-ray
(EDX). The recovery, stability and the metal leaching of the
Ni-Co LDHs and Ni-Co LDHs@Al,O, were compared, and
the effect of the pH, initial PNT concentration, ozone dos-
age on the decomposition kinetics of PNT and COD were
investigated and deeply analyzed. Finally, the organic and
inorganic intermediates of PNT were identified by gas chro-
matography—-mass spectrometry (GC/MS) and ion chro-
matography (IC), respectively, and possible degradation
pathway of PNT and the reaction mechanism of ozonation
catalyzed by Ni-Co LDHs@Al O, catalyst were proposed.

2. Experimental
2.1. Materials and reagents

PNT and all the other reagents were purchased from
Aladin Chemical Company of China. Acetonitrile was of
chromatographic reagent grade and other chemicals used
in the experiments were of analytical reagent grade if not
otherwise noted. Throughout this study, the initial pH of
the solutions was adjusted to 9.0 by NaOH or H,SO, solu-
tion. All the solutions were prepared with deionized water,
and the initial concentration of simulative wastewater was
200 mg L.

Synthesis of Ni-Co LDHs@Al,O, nanoparticles: Ni-Co
LDHs were supported on vy-ALO, by co-precipitation
method with continuous nitrogen gas bubbling. y-Al O, car-
riers had a diameter of 1-3 mm, a surface area of 450 m? g™
In a typical procedure, 2 g y-AlL,O, was added to the solu-
tion, which containing 0.5 M of Co(NO,),-6H,O and 0.5 M
of Ni(NO,),-6H,0. After the pH was adjusted slowly to 9.0
using 1.0 M sodium hydroxide solution under vigorously
magnetic stirring, the resulting suspension was transferred
immediately into Teflon tubes and kept at 383 K for 19 h.
The sample was grounded and sieved out using screen
mesh (100 mesh) for further use. For a reference, Ni-Co
LDHs were also prepared by repeating the same procedure
described above except the addition of mesoporous y-AlO,.
In addition, Co-Fe LDHs and Ni-Fe LDHs were synthesized
using the same method, respectively. The characterization
of the catalyst was shown in Fig. 2.

2.2. Catalytic ozonation procedure

Fig. 1 shows the schematic diagram of the catalytic
ozonation system. The experimental apparatus employed
in this work consisted of a cylindrical Pyrex glass reactor
(an internal circulation reactor; volume 1.5 L), which solves
the problem that the ozone utilization rate of the conven-
tional equipment is low and the catalyst distribution is
uneven. The reactor is operated at room temperature, ozone
was produced from pure oxygen by an ozone generator
(CFY-3, Hangzhou Rongxin Ltd.), which was bubbled into
the bottom of the reactor. And the catalyst Co-Ni LDHs@
ALQO, forms an internal circulation-type gas—solid-liquid
three-phase fluidized bed in the system. Ozone oxidation
experiments were carried out by changing parameters such
as ozone dosage (control gas source flow), simulated waste-
water concentration of PNT and pH. The samples were taken
from the top of the reactor at predetermined time points
and filtered through a 0.22 pm pore size membrane filter for
analysis. Excess ozone exhaust enters the potassium iodide
absorption bottle. Same conditions were used for the sole
ozonation process (without catalyst) and PNT adsorption
on the catalyst (purging oxygen only without ozone). After
the tests, the used catalysts were recovered from the mix-
ture by standing precipitation separation, washed, and
dried for use in subsequent tests.

2.3. Analytical methods

The concentration of PNT was analyzed using a high-
performance liquid chromatography ( HPLC, Model e2695,
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Fig. 2. (a) X-ray diffractograms of Ni-Fe LDHs, Fe-Co LDHs, Ni-Co LDHs, Ni-Co LDHs@AlLO
and (b) FI-TR spectra of Ni-Fe LDHs, Fe-Co LDHs, Ni-Co LDHs, Ni-Co LDHs@ALO

Waters Technologies, USA) equipped with a C18 reversed
phase column (XBridge, Waters Technologies, USA). The
mobile phase was 75% CH,CN and 25% phosphoric acid
solution (0.08%). The flow rate was set at 1 L min™ with the
column temperature at 30°C. Injection volume was 10 uL,
and the UV detector wavelength was set at 210 nm. Also,
the COD value was determined using the standard method
[25]. The indigo method or iodometric method was used to
monitor the dissolved or gas ozone concentration, respec-
tively. The pH value of the solutions was detected by a pH
meter (LeiCi pHs-3E, Shanghai Jingke Co., Ltd., China).
The identification of intermediates was conducted by a
Thermo Quest Finnigan LCQ Duo mass spectrometer system
(ion trap mass spectrometer) which was equipped with an
electrospray ionization interface operating at electrospray
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ionization mode (LC-ESI/MS). ESI/MS data were acquired
over a scan range between 50 and 1,000 Da. The mobile
phase (0.8 mL/min) was delivered by a gradient system
from a Thermo P4000.The mobile phase was a mixture of
0.1% formic acid (A) and acetonitrile solution containing
0.1% formic acid (B), which was carried out according to
the following gradient mode: (1) 95% of A was kept during
the first 3 min; (2) from 3 to 10 min, B was linearly increased
from 5% to 50%, while A was steadily decreased to 50%,
then held for 10 min; (3) from 25 to 50 min, the mobile phase
was returned to the initial composition until the end of the
run. The leached ions were measured by acidification diges-
tion pretreatment and inductively coupled plasma-atomic
emission spectrometry (ICP-AES) (PerkinElmer, USA)
analysis method.
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3. Results and discussion
3.1. Catalyst characterization

The formation of hydrotalcite phase was favored by
a M*:M?* molar ratio with the range of 1-5:1, which is
M?*:M?" ratio within the range of 1:1 in this study. It has
been reported that the LDHs surface area affected with the
M?*:M? ratios [26]. However, few studies on exploring the
better catalytic activity of Ni-Fe LDHs, Fe-Co LDHs, and
Ni-Co LDHs, and catalytic ozonation of pharmaceutical
wastewater by this kind of catalyst have been reported.

3.1.1. XRD, FT-IR, and BET analysis of the samples

XRD is an effective method for identifying the phases
present in the prepared catalysts [27]. The XRD patterns in
Fig. 2a shows that the pristine Ni-Fe LDHs, Fe-Co LDHs,
and Ni—-Co LDHs with different bimetals were in good con-
sistent with the standard patterns for the a-Ni(OH), (JCPDS
38-0715), FeOOH (JCPDS 29-713), B-Co(OH), (JCPDS
30-443), and Ni-Co LDH (JCPDS no. 38-0715), respectively,
and no peaks from other crystal phases were detected. Such
as the diffraction peaks of Ni-Co LDHs at 20 = 11.8°, 23.3°,
35.3° 39.6°, and 62.6°with the indices of (003), (006), (009),
(015), and (110) displayed the characteristic reflections
corresponding to hydrotalcite-like materials [28,29]. In
addition, the pattern of Ni-Co LDHs@ALQO, hybrid contains
the diffraction peaks of both Ni-Co LDHs and v-ALO,,
indicating the successfully supported of Ni-Co LDH on
the v-ALO,, and the covering of Ni-Co LDH nanoflakes
results in weakened peaks for y-ALO,. Among all the LDHs,
Ni-Co LDHs@AlO, exhibited the best crystalline phase, it
was not hard to learn that Ni-Co LDHs@Al,O, had a struc-
ture of high stability, since the XRD pattern of Ni-Co LDHs@
ALQ, had almost no shift after participating in ozonation.

FT-IR is an appropriate technique to study chemical
adsorption or chemical interaction [27]. The results obtained
were similar for all the LDHs, and their profiles are shown
in Fig. 2b. The FT-IR spectra of the LDHs between 500 and
4,000 cm™ was shown in Fig. 2b. The band at 520 cm™ was
a fingerprint of O-Metal-O stretching, the band observed
at 1,360 cm™ was from the stretching of CO} ions in the
interlayers, and the weak band of near 1,640 cm™ could be
interpreted as the H-O-H stretching modes and bending
vibration of the free or adsorbed water [30]. The broad-
band around 3,500-3,600 cm™ was assigned to Metal-OH
stretching [31]. Ni-Co LDHs@AILQ, after ozonation clearly
showed no difference compared to fresh catalyst. Noting,

Table 1
Results of BET characterization

two peaks changed slightly at 1,360 and 1,640 cm™ which
carbonate loss and H-O-H increased after the reaction.
We could also explain that due to the scavenging effect of
CQOZ, it would react with *OH during the reaction and fur-
ther affect the degradation of organic pollutants. This result
confirmed the existence of indirect reactions during catalytic
ozonation degradation and the role of catalyst surface in
enhancing the activation/decomposition of ozone molecules.

Furthermore, the surface area, pore volume, and average
pore diameter of the as-prepared Ni-Fe LDHs, Fe-Co LDHs,
Ni-Co LDHs, Ni-Co LDHs@ALQ, before and after degrada-
tion of PNT were assessed by Brunauer-Emmett-Teller (BET)
characterization, as shown in Table 1. The BET surface area
value of the Ni-Co LDHs was estimated to be 184.8 m? g7,
which was larger than that of Ni-Fe LDHs (102.2 m? g™!) and
Fe-Co LDHs (138.6 m? g!). The result shows that the 2D lay-
ered nanosheet structure of Ni-Co was more stable and had
a larger specific surface area, which matches the previous
XRD. And the adsorption characteristic changed similar to
the variation of BET surface area [32]. Additionally, we found
that growing the Ni-Co LDHSs on the ALQ, increased spe-
cific surface area and pore volume, promoted the catalytic
activity of the catalyst [33]. The BET surface area and pore
volume of the obtained Ni-Co LDHs@ALO, was 360.1 m* g™
and 0.35 cm® g7, and the average pore size was 14.63 nm,
respectively. However, the surface area and pore diameter of
the catalyst are reduced after the ozone reaction, it can be
attributed to the destruction of the surface layer structure
during the reaction, which corresponds to the increase in
pore volume.

3.1.2. SEM and EDX studies of the samples

In this work, we found that as-produced Ni-Co LDHs@
ALO, have the 2D nanosheets-crosslinked network struc-
ture we designed as shown in Figs. 3a, and b,, while the
Ni-Co LDHs has the 2D particulate nanosheet-layered
structure. All the samples showed a layered morphology
and aggregated together forming micro-grade particles
due to the existence of water [34]. The SEM images in Fig.
3a show that the Ni-Co LDHs is built from the excessively
aggregated nanosheets, while the Fig. 3b, indicates that
Ni-Co LDHs@ALQ, consists of outstretched and orderly
nanosheets. It could be inferred from these observation
results that y-ALO, have considerable influence on the
microscopic morphology of frameworks [35]. It is reason-
able to believe that the Ni-Co LDHs@AI,O, nanosheets have
sufficient strength to keep outstretched state [36]. The SEM

Sppr (M* g™ Average pore pore volume
diameter (nm) (cm’ g™)
Ni-Fe LDHs 102.25 9.18 0.23
Fe—Co LDHs 138.64 7.03 0.24
Ni-Co LDHs 184.80 6.23 0.28
Ni-Co LDHs@ALQO, 360.15 14.62 0.35
Ni-Co LDHs@AlLQO,-after 330.38 12.71 0.37
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Fig. 3. SEM micrographs obtained from (a,-a,) Ni~Co LDHs, (b,~b,) Ni-Co LDHs@Al,O,, and (c,—c,) Ni-Co LDHs@Al,O,-after.

(Figs. 3b and c¢) and EDX analyses of the Ni-Co LDHs@
Al O, were carried before and after ozonation. The profile
of Ni-Co LDHs after ozonation was slightly different from
the original without clear apparent structure, indicating an
influence of ozonation on its hydroxide layer composition
[37]. In addition, the EDX results (Table 2 and Figs. 3a,—,)
reveals the co-existence of Ni, Co, and Al elements in Ni-Co
LDHs@ALQ, with the atom percentage of 30.08%, 28.67%,
and 41.25%, in agreement with the experimental molar ratio.
The content of Ni-Co in Ni-Co LDHs@ALQO, decreased after
catalytic ozonation, which possibly due to partial metal
leaching caused by the destruction of its structure in the
ozone environment, and can be verified by ICP.

3.2. Catalytic activity measurements for ozonation of PNT

As shown in Fig. 4, the catalytic activity of as-pre-
pared catalysts (Ni-Fe LDHs, Fe-Co LDHs, and Ni-Co
LDHs) was evaluated by the degradation and mineral-
ization of PNT. The adsorption of PNT by catalyst was
negligible during the reaction period with 4% of PNT
removal rate by various LDHs during the control exper-
iment with 12 mg min™ oxygen dosage. However, rapid

Table 2
Textural property of virgin and reacted samples
Element Weight %  Atom %
Line
. CoK 49.36 49.27
Ni=CoLDHs NiK  50.64 50.73
AlK 24.36 41.25
Ni-Co LDHs@AlO, CoK 36.99 28.67
Ni K 38.65 30.08
AlK 29.82 48.09
Ni-Co LDHs@ALO,-after CoK 34.41 25.40
Ni K 35.77 26.51

degradation of PNT was achieved in Ni-Fe LDHs, Fe-Co
LDHs, and Ni-Co LDHs processes with initial parameters
of 20°C, pH 9, 2 g L' catalyst, 12 mg min ozone dosage
and 200 mg L™ initial concentration, indicating the high
catalytic ability of Ni-Fe LDHs, Fe-Co LDHs, and Ni-Co
LDHs. All groups of PNT obtained near complete removal
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Fig. 4. Catalytic performance of various samples of catalysts: (a) the efficiency of PNT removal and (b) the efficiency of COD
removal. Conditions: T =20°C, [PNT]; =200 mg L7, [O,], =12 mg L™, catalyst dosage=2 g L', and pH =9.0.

within 60 min reaction as shown in Fig. 4a. But significant
promotion of COD removal was achieved in synergetic
reaction of ozone and the LDHs catalyst (especially Ni—Co
LDHs), increasing COD removal of 25%—45% after 20 min
reaction in Fig. 4b. The COD removal with Ni-Co LDHs
catalyst could reach 63.8%, while 61.8% with Fe-Co LDHs
catalyst, 55.5% with Ni-Fe LDHs catalyst and only 48%
with ozonation alone after 120 min, indicating that Ni-Co
LDHs is an effective catalyst for catalytic ozonation of
PNT. The performance of Ni-Co LDHs could be ascribed
to the particle surface as characterized by XRD and BET,
offered more active sites for PNT decomposition. Ozone
molecules are adsorbed on Ni-Co LDH catalyst surface
forming weak bonds to hydroxyl groups that cover sur-
faces of LDH compounds. The Ni-Co ions in 3+ and 4+
oxidation states are very active oxidants. This interac-
tion promotes ozone decomposition, whereas Ni and
Co ions mainly acted as active sites for ozone degradation.

Ni—Co LDHs had obvious synergistic effect compared
with Ni LDHs and Co LDH with better COD removal rate
in120 min. The synergy factor f was detailed to quantify
synergy of Ni-Co LDHs, in Eq. (1). The synergistic factors of
Ni—Co LDHs were 126% and 116%, respectively, indicating
the synergy between cobalt and nickel of Ni-Co LDHs.

f= Mni-co %x100% (1)

T]Ni/Co

Among them, 1, ., Ny Ne, Tepresent the COD removal
rate of the PNT in the corresponding process, respectively.

According to the above results, Ni-Co LDHs with better
catalytic activity was supported on y-AlLO, by co-precipita-
tion method to synthesis of Co-Ni LDHs@AlO, nanopatr-
ticles, and the stability tests of catalysts were carried out.
Taking experimental deviations into account, three sets of
control experiments were performed of pure oxygen with
Ni-Co LDHs@AlO,, ozone with Ni-Co LDHs@AIZO& and
ozone with Ni-Co LDHs. The metal leaching during the
reaction was examined at the same conditions and pre-
sented in Table 3. It can be noticed that unstable Ni and

Table 3

Metal ion leaching in catalytic ozonation of PNT. Condi-
tions: T = 20°C, [PNT], = 200 mg L7, [O,], = 12 mg L™, catalyst
dosage=2g L™, and pH=9.0

3][)

Catalytic ozonation by 20 min 60 min 120 min

different catalysts (mg/L) \; o Ni Co Ni Co

Ni-Co LDHs@AlL,O,/O,  0.07 0.05 0.12 0.09 0.17 0.11
Ni-Co LDHs@ALO,/O,  0.06 0.10 021 0.30 0.35 0.40
Ni-Co LDHs/O, 092 146 174 185 215 205

Co ions leached from the catalyst to the aqueous solution.
The maximum concentration of Ni and Co leached was 2.15
and 2.05 mg L on Ni-Co LDHs, the amount of dissolved
metal at this level would pose a risk to the aquatic environ-
ment since the limit of Ni and Co ions in surface water is
1.0 and 1.0 mg L™ according to the standards in China [38].
The stability of Ni-Co LDHs@Al,O, was investigated under
the same experimental conditions, and a significant increase
was observed in metal leaching control. It could be inferred
from these results that the nanosheets-crosslinked network
of Ni-Co LDHs@AlO, has higher structure stability than
the particulate nanosheet-layered structure of Ni-Co LDHs,
originating from the interlocking of outstretched nanosheets
[39]. Thus, the higher structure stability of Ni-Co LDHs@
ALQ, results in its promotion of cycling stability. Therefore,
dominant effect of Ni-Co LDHs@AlO, heterogeneous ozone
catalyst is identified in this study.

3.3. Effects of operating parameters
3.3.1. Effect of initial pH value

Solution pH is important because hydroxide ions can
initiate ozone self-decomposition which leads to the gener-
ation of reactive oxygen species (ROS) [40]. The ozonation
of PNT at various initial pH (5, 7, 9, and 11) was examined
with an initial concentration of 20°C, 200 mg L™, ozone
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dosage of 12 mg min™ and Ni-Co LDHs@ALO, dosage of
2 g L. As shown in Fig. 5a, the remove rate constants of PNT
first increased from 5 to 9 (a maximum) and then decreased
with the pH from 9 to 11. This is mainly because increas-
ing solution pH strengthens ozone transformation to HO;
(the conjugated base of H,O,), and enhanced catalytic ozone
decomposition by the gradually-deprotonating catalyst [41].
Besides, the electrostatic attraction between the hydroge-
nated Ni-Co LDHs@ALQO, and the protonated PNT may
also make some contribution for the contact of *OH radicals
with PNT. However, at pH 11.00, the PNT removal decreased
slightly which might due to the excess H,O,/HO; actually
scavenge ‘OH, thus impeding pollutant degradation and
mineralization in Egs. (2)—(4) [42].

"OH + 'OH > H,0, ©)
*OH +0, —» 0, + HO;, ®)
"OH+HO; -0, +H,0 )

Apparently, the main contribution of free radicals in
the system was the improved elimination of the generated
intermediates. In addition, the final pH values after 120 min
reaction were also measured and the results showed that pH
values of PNT solution dropped rapidly during the reaction.
It might be due to the formation of nitrous acid or nitric acid
and some organic acids. The decrease in pH might be not
conducive to further removal of COD. The catalyst had a cer-
tain catalytic effect under the influence of acidic conditions
to form metal ions, which had a certain homogeneous cataly-
sis effect. However, it was easy to cause secondary pollution
of wastewater, and the homogeneous catalytic effect under
acidic conditions was slightly worse than the heterogeneous
catalytic effect under basic conditions. It was not conducive
to the stability and reuse of the catalyst.

3.3.2. Effect of ozone dosage

The effect of ozone dosage on the removal of PNT and
COD during catalytic ozonation was investigated. As shown
in Figs. 5¢c and d, the experiments with 20°C, 200 mg L™ of
initial PNT concentration, 2 g L™ of Ni-Co LDHs@AILQ,
and pH of 9 were performed using different amounts
of ozone, 8, 10, 12, and 14 mg min™, and the correspond-
ing dissolved ozone concentration were 0.3, 0.5, 0.7, and
0.9 g L™'. The remove rate constants of PNT increased from
60.02% with an O, dose of 8 mg min™ to 94.23% with an O,
dose of 12 mg min™ in 30 min. And the removal of PNT and
COD is significantly improved from 8 to 12 mg min™, but
COD removal was not significantly improved from 12 to
14 mg min™. This ascribed to that the limited active sites
on Ni-Co LDHs@AlQO, surface, which would inhibit the
further increment of O, mass transfer rate from the aque-
ous phase to the catalyst surface. In addition, the excess O,
could react with the formed active radicals such as hydroxyl
radical, resulting in the decrease of the oxidizing agent for
COD removal in Eq. (5). Hence, considering both the real

situation of pharmaceutical wastewater and cost-effective
analysis, the optimize dosage was chosen as 12 mg min™ in
current research.

0,+2"0H - 20, +H,0 )

3.3.3. Effect of initial PNT concentration

The effect of initial concentration from 100 to 600 mg L
was studied at pH 9.0 with ozone dosage of 12 mg min™ and
Ni-Co LDHs@ALQ, dosage of 2 g L. As shown in Figs. 5e
and f, on condition of the initial concentration 100 mg L, the
PNT reached a quick degradation up to 100% after 20 min of
reaction, while for 200, 400, and 600 mg L, the results were
only 72.80%, 42.38%, and 31.57%, respectively.

It may have two reasons: (1) The removal rate of PNT
depends on the number of *‘OH generated and on the cat-
alytic ability of Ni-Co LDHs@ALQ,. Since the higher con-
centration of PNT, the more oxidizing agent (ozone or free
radicals) and active sites were needed. The constant catalyst
can only provide limited surface areas and reactive sites,
which does not further enhance the reaction between ozone
and pollutants as well as the formation of free active radicals.
Our experiments were performed under the same operating
conditions, so the rate of generation of “OH and the catalytic
ability of Ni-Co LDHs@ALO, were almost constant. Within
the limited time, only limited PNT was removed by Ni-Co
LDHs@AlQO, process. (2) The more the initial concentra-
tion of PNT was the more intermediates generated. And the
intermediates generated competed with PNT for *OH. Thus,
the apparent reaction constants decreased with an increase
of initial concentration.

3.3.4. Effect of catalysts

Replicated experiments and successive runs are import-
ant to evaluate the reproducibility of the results and the sta-
bility of the catalysts. As shown in Fig. 5g, the experiments
of catalysts (Al,O,, Ni-Co LDHs, Ni-Co LDHs@AILO, and
repeated experiment) were carried out to evaluate the repro-
ducibility of the results and the stability of the catalysts by
the degradation of PNT. The ozonation of PNT was exam-
ined with an initial concentration of 20°C, 200 mg L™, pH 9,
ozone dosage of 12 mg min™, and catalysts dosage of 2 g L.
After using the catalyst five times, the PNT removal rate was
only 3% less than that of the original catalyst after 30 min,
and the COD removal rate was reduced by 5% after 60 min
of reaction, which indicates that the catalyst can achieve a
relatively better reuse effect.

Many literature suggested that surface hydroxyl groups
functioned as active sites of solid catalyzer to stimulate the
generation of *OH [43]. It was reported that ozone could eas-
ily penetrate the LDH structure to approach the transition
metals to drive the electron transfer, and this was believed
to be a key step in radical chain reactions. Furthermore, the
hydroxylated metal ions in LDH acted as Lewis acid sites,
which had been verified to be reactive center for catalytic
ozonation in aqueous phase [37]. In order to verify whether
the catalytic ozonation of PNT belongs to hydroxyl radical
reaction mechanism, the experiment was carried out in the
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Fig. 5. Variations of PAA and TOC degradation rate: (a and b) effect the initial pH value, (c and d) effect the ozone dosage, (e and f)

effect the initial PNT concentration, and (g) effect the catalysts of PNT removal.
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presence of tert-butyl alcohol (TBA) in Fig. 5g. To clearly
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‘O, +H" - HO; 8
investigate the contribution of *OH to the mineralization of s THE N ®)
PNT during the O,/Ni-Co LDHs@ALQO, system, and radi-
cal quenching experiments were carried out, the presence of HO; - O, +*OH )

0.1 mol/L TBA remarkably hindered PNT degradation effi-
ciency. After 30 min of reaction, the PNT removal efficiency
was 98% in the absence of TBA, but severely reduced to 67%
in the presence of TBA. This result revealed that *OH was
the main ROS during the O,/Ni-Co LDHs@Al O, system.
Based on these results, the catalytic mechanism of Ni—-Co
LDHs@ALQ, could be described briefly. The Ni-Co LDHs@
Al O, catalytic ozonation comprised both surface and bulk
reactions. On Ni-Co LDHs@Al O surface, the generation
of free radicals such as *OH was initiated by the electron
transfer between different valences of transition metals of
Ni and Co. Egs. (6)—(9) indicated that the decomposition
of O, occurred and accompanied by the oxidation of M*,
and several reactive species were generated as a result of
radical chain reactions.

M* +R - M* +R* (6)

M* +0, > M +°0; 7)

OH
_OH_ >—NH

>—NH

MVV— 199

MV\’ =169

-OH
~0 ——» \ /O
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\n/NH MW 183< MW= ]4l <
© OH
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HO N o HO OH O o
gy e ey
— - _—

HO HO 0

3.4. Probable removal mechanism and degradation pathway

PNT and O, molecules may be adsorbed on the catalyst
surface. The generation of *OH was confirmed by investi-
gating the effect of *OH inhibitor. Therefore, the presence
of PNT could be carried out by an indirect reaction of *OH
or direct ozonolytic decomposition. A lot of intermediates
were generated during the catalytic ozonation process.
Intermediates were detected by GC/MS, IC, and HPLC. On
the basis of the intermediates formed in the process of deg-
radation, a probable pathway is proposed and is outlined
in Fig. 6. The ozonation reactions can be divided into three
reaction type: (1) reaction on the benzene ring, (2) reaction
on the amino group, and (3) reaction on the alkyl group.
PNT decayed quickly by ozone to generate benzene-ring
intermediates that could be degraded later by ozone or *OH
depending on the process used. The benzene ring interme-
diates were divided into five groups: dealkylated, one/two/

=0
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Fig. 6. Proposed degradation pathway of PNT in catalytic ozonation by Ni-Co LDHs@ALQO,.
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three *OH substituted, and benzene cleavage. Based on the
proposed degradation pathway, dealkylated, and two and
three *OH substituted intermediates were generated by
*OH oxidation, one *OH substituted and benzene cleavage
intermediates were formed by both molecular ozone and
*OH oxidation. In other pathways, the branched chains of
PNT molecule were oxidized firstly with the bond break-
ing occurs in C-N bond of -NH-C=O. The occurrence
of ring-opening reaction via the attack of *OH to the aro-
matic ring, and it would generate small organic acids. The
decrease in the pH value of the solution obtained after ozo-
nation further confirms the presence of organic anions and
corresponding acids after PNT degradation.

4. Conclusions

In summary, nanostructured Ni-Co LDHs@AlO, are
prepared by co-precipitation method with continuous nitro-
gen gas bubbling. The as-prepared Ni-Co LDHs@AIO,
show the 2D nanosheets crosslinked framework with con-
trolled mesopore and strong stability compared with Ni-Co
LDHs, and the structure of Ni-Co LDHs@ALQO, catalysts
were confirmed by XRD, FT-IR, BET, SEM, and EDX Ni—Co
LDHs@Al,0O, which can be separated easily was used as cat-
alyst for catalytic ozonation for the degradation of PNT in
aqueous solution, and the degradation mechanisms of PNT
were finally discussed. As a result, the presence of Ni—Co
LDHs@AlQ, significantly improved both PNT degradation
and COD mineralization as compared to ozonation alone.
The COD removal with Ni-Co LDHs@AI,O, catalyst could
reach 65.3%, while 63.8% with Ni-Co LDHs catalyst, 61.8%
with Fe-Co LDHs catalyst, 55.5% with Ni-Fe LDHs catalyst
and only 48% with ozonation alone after 120 min. The pro-
duction of *OH, which played an indispensable role in the
destruction of PNT, was greatly promoted by Ni-Co LDHs@
ALQ, in the ozonation process. The results may provide fur-
ther understanding of PNT ozonation mechanisms in water
and offer a promising process to treat water contaminated
with pharmaceuticals.
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