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Abstract

In this work, activated carbon-supported copper(Il) oxide (CuO/AC) was prepared and used to degrade heavy oil refinery
wastewater (HORW) by catalytic ozonation with the aim to develop low-cost and high-efficient supported-catalysts for degrading
real recalcitrant industrial wastewater. Supported-catalyst CuO/AC was characterized by X-ray diffraction (XRD), N,-
physisorption, scanning electronic microscope (SEM), transmission electron microscope (TEM), and X-ray fluorescence
(XRF). The degradation was mainly evaluated by chemical oxygen demand (COD), total organic carbon (TOC), 5-day bio-
chemical oxygen demand (BODjs), biodegradability and toxicity. Compared with unsupported-catalyst CuO or the mixed system
of activated-AC and unsupported-catalyst CuO, supported-catalyst CuO/AC with reduced cost exhibited significantly enhanced
activity for degrading HORW (5.0 g CuO-5%/AC, 90 mg/L O3, and 7.3 pH). TEM analysis showed that the high activity of
supported-catalyst CuO-5%/AC might be ascribed to the fact that CuO particles were small and highly dispersed on AC. Mass
spectrum spectrometry (MS) analysis revealed that the organic components in HORW were first degraded to small molecule
oxidation products, which were then oxidized or mineralized further. The influence of CuO loading, CuO/AC dose, ozone dose
and initial pH on the degradation efficiency was also investigated. The results of the present work showed that CuO/AC could be
a promising supported-catalyst for catalyzing ozonation degradation of HORW.

Keywords Heterogeneous catalytic ozonation - Degradation - Organic component - Heavy oil refinery wastewater -
Supported-catalyst CuO/AC - OH radicals

Introduction

Heavy oil refinery wastewater (HORW) is generated during
the processing of heavy crude oil (HCO) in petrochemical
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industry. HORW contains high concentration of recalcitrant
organic compounds such as aliphatic hydrocarbons, aromatic
hydrocarbons, naphthenic acid, aliphatic acid, and phenols.
Those recalcitrant compounds not only contribute to high lev-
el of COD but also have detrimental and harmful effects on
plant and aquatic life as well as surface and ground water
sources (Cai 2011; El-Naas et al. 2009). Generally, light oil
refinery wastewater (LORW) is treated by a series of physico-
chemical operations such as oil/water separation, gas flotation
and coagulation, followed by biological treatment aiming at
degrading the residual dissolved organic compounds. HORW
is usually treated by the same operations as that used for
treating LORW, but biological treatment process is inefficient
in degrading residual organic compounds in HORW due to
their complicated molecular structures, acute biotoxicity, and
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poor biodegradability (Dong et al. 2019; El-Naas et al. 2014).
In recent years, the volume of HORW produced has shown an
increasing trend since more and more HCO is processed in
refineries around the world. On the other hand, more stringent
environmental legislation has been implemented according to
effluents standards. Therefore, the pressure is mounting on
refineries and researchers to develop new methods or technol-
ogies for treating HORW.

In recent decades, catalytic ozonation has been intensively
studied in the treatment of high-concentrated organic waste-
water (Hassani El et al. 2019; Kermani et al. 2018). Especially,
heterogeneous catalytic ozonation process (HCOP) is consid-
ered as the most potential technology for treating real indus-
trial wastewater containing high concentration of recalcitrant
organic pollutants due to its high efficiency, easy operability,
and no secondary pollution (Sania et al. 2019; Liu et al. 2019a,
b; Polat et al. 2015). The high efficiency of HCOP is ascribed
to heterogeneous catalysts, which play a role in transforming
ozone into more reactive species over the active functional
groups of the catalyst surface and/or adsorbing the targeted
pollutants to react with the dissolved ozone (Chen et al. 2015).
Notably, Munir et al. (2019) reported recently that UV-light
irradiation could also enhance the performance of O3 process
for treating paper and pulp industry wastewater near wastewa-
ter pH. Additionally, Wang et al. (2019) also studied
metal-free catalytic ozonation on surface-engineered
graphene. They prepared reduced graphene oxide (rGO)
and N-doped rGO via microwave reduction. rGO synthe-
sized by microwave reduction demonstrated higher activ-
ity than rGO prepared by thermal anneal in argon, and
N-doping could improve the catalytic activity further.
Despite those above, many research works have been
done to treat wastewater by HCOP with unsupported-
catalysts such as Fe,O;, MnO,, Al,O3, CoO, MoOs,
MgO, CuO, NiO, TiO,, SnO,, and so on (Nawaz et al.
2017; Lv et al. 2010; Vittenet et al. 2015; Manivel et al.
2015; Liu et al. 2019a, b; Zhang et al. 2009; Yang et al.
2014; Zeng et al. 2009). Moreover, most of those works
have focused on degrading model organic compounds or
simulated wastewater with single component. However,
the components of real industrial wastewater such as
HORW are very complex. Besides, what should be spe-
cially mentioned is that most preparation processes of
unsupported-catalysts are usually complex and uncontrol-
lable, which cause high preparation cost and unstable
catalytic activity. This partly hampers HCOP from going
into industrial application for treating real wastewater in
large scale.

A major trend that addresses this issue is to develop low-
cost and high-efficient catalysts such as heterogeneous
supported-catalysts (Chen et al. 2017). Heterogeneous
supported-catalysts can be prepared by impregnation method
in which catalysts are prepared just by impregnating supports
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with metal-salt solutions (Jiang 2006). The impregnation
method is very simple and controllable, which will reduce
the preparation cost and improve the performance stability
of catalysts. Additionally, in supported-catalyst systems, cata-
lyst particles are well dispersed on supports, which will en-
hance the activities of catalysts and reduce the dosage of
catalysts in treatment. This will further reduce the treatment
cost. For instance, Ikhlaq et al. (2019) prepared iron-loaded
rice husk ash by impregnation method and which was used as
catalyst to decolorize methylene blue solution by catalytic
ozonation process. The results indicated that catalytic ozona-
tion with iron-loaded rice husk ash was more effective than
Fenton-like process near wastewater pH values. Further,
HCOP undergoes an absorption-catalytic oxidation degrada-
tion mechanism; supports with large specific areas in
supported-catalysts favor absorbing the targeted pollutants,
leading to the enhancement of degradation efficiency.

AC is a porous material with a large specific surface area,
which is also low-cost, abundant, chemically stable, and en-
vironmentally friendly (Hossain et al. 2018), showing that it
can be a good support material for preparing heterogeneous
supported-catalysts for HCOP (Chen et al. 2014a, b). In this
work, CuO/AC was prepared simply by impregnating AC
with Cu (NO3), solution and was used to catalyze ozonation
degradation of HORW with the aim to develop low-cost and
high-efficient heterogeneous supported catalysts for
degrading real recalcitrant industrial wastewater by HCOP.
In experiments, CuO/AC was characterized by XRD, N,-
physisorption, SEM, TEM, and XRF. The influences of fac-
tors, including CuO loading, catalyst dose, O5 dose, and pH,
on the COD removal were investigated. Further, the degrada-
tion mechanism of CuO/AC catalyzed ozonation process was
preliminary explored.

Experimental
HORW sample characteristics

The HORW samples were obtained from Tahe Petrochemical
Co., Ltd., Sinopec, which is a main heavy oil refinery with a
capacity of 5 Mt/a. The streams of HORW mainly came from
the dehydration of heavy oil tanks and electric desalting tanks,
as well as the condensate from units of atmospheric vacuum
distillation and delayed coking. The characteristics of HORW
samples are listed in Table 1; it was noted that COD in
HORW was high, whereas BODs was low, and the ratio
of BODs/COD was only about 0.09, indicating the poor
biodegradability of HORW. A considerable amounts of
total suspended solid (TSS), volatile suspended solid
(VSS), TDS (H,S, HS, and S*), and SO4> were also
detected out in HORW.
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Table 1 Characteristics of initial

and treated HORW samples Initial HORW Treated HORW
Item Average Range Item Average Range
pH 7.4 6.6-8.1 pH 5.5 5.0-6.2
COD (mg/L) 2950 2200-3800 COD (mg/L) 170 220-260
BODs (mg/L) 343 285-480 BODs (mg/L) 80 60-90
TOC (mg/L) 1850 1680-2200 TOC (mg/L) 130 105-150
Oil (mg/L) 78 55-100 Oil (mg/L) 8 6-11
Chloride (mg/L) 58 42-86 Chloride (mg/L) - -
Conductivity (mS/cm) 24 1.8-4.1 Conductivity (mS/cm) 32 2.6-5.8
TSS (mg/L) 186.3 162-210 TSS (mg/L) 16.4 14.5-19
VSS (mg/L) 151.8 135-159 VSS (mg/L) 11.7 9.6-13.2
TDS (mg/L) 27.9 22-33 TDS (mg/L) - -
S04 (mg/L) 8.4 6.1-10.3 SO (mgL) 28.4 26.8-34.2
Color Dark brown Color Light gray

Materials and methods

Chemicals including NaOH (CAS No. 1310-73-2), H,SO,4
(CAS No. 7664-93-9), Cu (NO3),3H,0 (CAS No.10031-
41-3), Na,S,053-5H,0 (CAS No.10102-17-7), and KI (CAS
No. 7681-11-0) used in the present study were of analytical
grade purity, and all of them were purchased from Shanghai
Chemical Reagent Co., Ltd. (China). Oxygen with a purity of
more than 99%, bought from Sichuan, Xindu Industrial Gas
Co., Ltd. (China), was used to preparation of O3. Coconut
shell-based granular AC purchased from Sichuan
Changzheng Chemical Reagent Co., Ltd. (China) was crushed
and sieved to 40~60-mesh size for use. The concentration of
O3 in the gas mixture of O, and O; was determined by
iodometric (KI) method via introducing the mixture of O,
and Oj; into KI solution through the gas sampling port to form
iodin (I), which was then titrated with standard Na,S,0;
solution. The volume of the mixture of O, and Os; was mon-
itored with a gas flowmeter.

Preparation and characterization
of supported-catalyst CuO/AC

AC of 40~60-mesh size was first washed sequentially with
10 m% NaOH solution, 1:1(v/v) H,SO, solution for 10 h,
respectively, and distilled water until pH about 7.0 to remove
impurities and dried in air at room temperature for 2 days.
Afterwards, the washed AC was dried in an air oven at
110 °C for 24 h and the resulted AC was designated as
pretreated-AC.

Supported-catalysts CuO/AC were prepared using impreg-
nation method, taking the preparation of CuO/AC with CuO
loading of 1 wt% as an example. Twenty grams of pretreated-
AC was dipped in 36 mL Cu (NOs), (0.074 M) for 8 h, then
the sample was dried in air at 105 °C for 10 h, and

subsequently calcined at 350 °C in N, for 3 h; the obtained
sample was desiganated as CuO-1%/AC. Further, CuO-3%/
AC, CuO-5%/AC, and CuO-7%/AC samples were also pre-
pared using the same procedure by varying the concentration
of Cu (NOs), solution.

Activated-AC was prepared by calcinating the pretreated-
AC under the same conditions as that for the preparation of
supported-catalyst CuO/AC. Unsupported-catalyst CuO was
also prepared by calcinating solid chemical agent Cu(NO3),
3H,0 under the same conditions as that for the preparation of
supported-catalyst CuO/AC.

XRD pattern of samples was recorded on an X-ray diffrac-
tometer (D/Max-IIIA) with Cu-K, (A = 1.54 A) radiation.

Specific surface area, pore volume, and average pore size
of CuO/AC were determined by N,-physisorption using
Micromeritics ASAP 2020 instrument at — 196 °C. Before
analysis was performed, all samples were degassed at
150 °C to vacuum 10> Torr for 5 h. Specific surface area
and pore volume were calculated using Brunauer-Emmet-
Teller (BET) and t-plot methods, respectively. Detailed infor-
mation is shown in Electronic Supplementary Material (ESI).

The morphology of CuO/AC was determined by SEM
(Hitachi S-4800). CuO content in CuO/AC was determined
by XRF (Panalytical Axios).

Degradation of HORW

The catalytic ozonation degradation experiments were per-
formed in a system shown in Fig. S2, which was composed
of an oxygen (O,) steel cylinder (40 L), an O3 generator (<
10 g/h), a flowmeter (20~40 L/h), a column steel reactor
(60 mm in inner diameter and 500 mm in height), and an
exhaust gas adsorption bottle. The catalyst was sandwiched
between porous supporting plates and porous splint in the
reactor in order to avoiding catalysts effluence before 1 L
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targeted HORW was added in the reactor. O, passed through
the O3 generator to produce Os, feeding into the reactor. The
O3 concentration in the experiments was controlled by
adjusting the flow of O, and the voltage of the O; generator.
Excess O3 in the exhaust was trapped with an exhaust gas
absorption bottle that was a cylindrical glass bottle with vol-
ume of 3 L, containing 2 L Na,S,0, solution (2 M). The
temperature of the reactor was maintained at 60 °C (original
temperature of HORW) by recirculating warm water from a
thermostatic water bath in hollow shell around the cylindrical
body of the reactor. During each 90 min degradation experi-
ment, water samples of 5 mL each were taken with a glass
suction pipette with volume of 5 mL at 15-min interval for
immediately analyzing COD, BODs, and TU respectively
without storage. After degradation, water samples of 50 mL
each were taken with a glass suction pipette with volume of
50 mL for immediate analyzations of TSS, VSS, TDS, and
electrospray ionization-Fourier transform-ion cyclotron reso-
nance mass spectrometry (ESI-FT-ICR MS) respectively. Two
milliliters of Na,S,O5 solution (0.1 M) was added to each
sample to cease the reaction after sampling at various
intervals.

Anaerobic-aerobic bio-treatment is a process typically used
to degrade LORW. Can the process also be applied to degrade
HORW effectively? Therefore, as for comparison, the biodeg-
radation experiments of HORW using a sequential anaerobic-
aerobic process were carried out in experimental setup
consisting of an up-flow anaerobic sludge blanket (UASB)
reactor followed by an aerobic packed bed biofilm reactor
(PBBR). Detailed descriptions of experimental procedure,
schematic diagram and the corresponding degradation results
are shown in ESL

Before formal degradation experiments, some pilot exper-
iments were carried out with aim to determine experimental
conditions. Each data point of results for each experiment was
measured three times in parallel. In order to avoid the random-
ness in the process, each experiment was repeated, and similar
results were obtained.

Analyzation of HORW samples

The pH was measured by a PHS-3C meter (LeiCi, China). The
determination of BOD5s was performed in an OxiTop system
(CHALLENGE, USA). COD was analyzed by dichromate
method according to GB11914-89 of PR China. TOC was
analyzed by a TOC-Vcpy analyzer (Shimadzu, Japan). The
toxicity test of HORW was analyzed by the Vibrio fischeri
method (Farré et al. 2001). Chemical composition characteri-
zation in HORW was carried out on an Apex-ultra FT-ICR
MS (Bruker Daltonics, USA) in the negative-ion mode with a
9.4-T actively shielded magnet. The concentrations of copper
ion (Cu®") in treated HORW samples were determined by
inductively coupled plasma atomic emission (ICP-AES)
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technique. The TDS content was determined by iodometry
method (Luo 2011); SO,>” content was determined by
EDTA complexometric titration method (Zhang et al. 2007).

Results and discussion
Characterization of the catalysts

Figure 1 depicts the XRD patterns of the pretreated-AC and
CuO/AC samples. As shown in the XRD pattern of the
pretreated-AC, there were two broad peaks centering at about
24° and 44° indexed to the (002) and (100) plane diffractions
of amorphous carbon, respectively (Islam et al. 2016; Raj and
Joy 2015). The pattern of CuO-1%/AC was similar to that of
AC, but extremely vague diffraction signals between 34 and
40° were observed, indicating that new species formed on the
surface of AC. The two small and clear peaks centering at
35.31° and 38.71° in the pattern of the CuO-3%/AC sample
were indexed to characteristic peaks of CuO (PDF0045-
0973), suggesting that copper was loaded on AC in forms of
CuO. As CuO loading increased, the characteristic peaks of
CuO in the patterns of CuO-5%/AC and CuO-7%/AC sam-
ples became stronger. No other diffraction peaks such as Cu,O
and Cu was found in XRD patterns; this might be attributed to
the fact that catalyst precursor was calcined at low temperature
(350 °C), and no reduction reaction between CuO and AC
took place.

Figure 2 shows N, adsorption-desorption isotherms of
pretreated-AC, CuO-1%/AC, CuO-3%/AC, CuO-5%/AC,
and CuO-7%/AC. All the isotherms are type I according to
the IUPAC; the major consumption of N in the adsorption-
desorption isotherms occurred at relatively low pressure (<
0.2) and reached a plateau at high relative pressure. These

#:Pretreated-AC
&:CuO

&y
& && &  CuO-TWIAC

CuO-5%/AC

Intensity (a. u.)

CuO-3%/AC

CuO-1%/AC

Pretreated-AC

0 20 40 60 80 100
20(°)
Fig. 1 XRD patterns of pretreated-AC and CuO/AC catalyst
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Fig. 2 N, adsorption-desorption isotherms of pretreated-AC, CuO-1%/
AC, CuO-3%/AC, CuO-5%/AC, and CuO-7%/AC

results showed the micropore structure characteristics of
pretreated-AC and CuO/AC catalysts. However, as it is shown
in Fig. 2, loading CuO had obvious influence on the adsorp-
tion kinetics of AC. The adsorption plateaus for CuO-1%/AC
and CuO-3%/AC were notably higher than that of pretreated-
AC, which revealed that the adsorption capacities of CuO-1%/
AC and CuO-3%/AC were higher than that of the pretreated-
AC, and the micropore volumes of CuO-1%/AC and CuO-
3%/ AC are larger than that of AC. Those were confirmed by
the texture properties shown in Table 2, and the specific sur-
face areas of CuO-1%/AC and CuO-3%/AC were larger than
that of pretreated-AC. This is because that the H,O (steam)
which was adsorbed on AC worked as an activation agent
during calcination (Rodriguez-Reinoso et al. 1995), and it
reacted with C atoms to form new pore structures with similar
size to that in the pretreated-AC, leading to the increase in
specific area. Notably, as Table 2 shows, the specific surface
area of the activated-AC was much larger than that of the
pretreated-AC, which experimentally indicated that calcina-
tion treatment had induced the steam activation of AC.
Meanwhile, as Fig. 3 shows, steam activation also corroded
the pore structures of AC. Figure 3a and b present that there
were obviously more pores in fresh CuO-1%/AC than that in
the pretreated-AC. However, the specific surface area

decreased when CuO loading increased to 5 wt% and
7 wt%, which might be ascribed to the reason that AC activa-
tion intensified as CuO loading increased because Cu®* ions
catalyzed the steam activation to form larger pores, and the
intensified activation also corroded pore structures of AC to
bare small pores (Fig. 3c—e). Besides, the CuO particles grew
larger as CuO loading increased and part of pores in AC were
blocked by CuO particles (Fig. 3d, e), which might be another
reason for the decrease in specific area. Figure 3f shows that
after 4 cycles of degradation treatment, the pore structure of
CuO-5%/AC collapsed partly.

The unsupported-catalyst CuO particles and the supported-
catalyst CuO-5%/AC partices were characterized by TEM
technology. Figure 4a shows that the sizes of unsupported-
catalyst CuO particles were large and were mainly distributed
in the range of 250~350 nm. It was also observed in Fig. 4a
that CuO particles aggregated with each other slightly. By
contrast, Fig. 4b shows that CuO particles in supported-
catalyst CuO-5%/AC were much smaller and were mainly
distributed in the range of 40~70 nm. CuO particles in
supported-catalyst CuO-5%/AC were highly dispersed on
AC, and no obvious agglomeration was observed.

Catalyzed ozonation degradation of HORW

COD removal results of HORW by HCOP (5.0 g CuO-5%/
AC, 7.3 pH and 90 mg/L O3) with supported-catalyst CuO-
5%/AC are shown in Fig. 5. For comparison, degradation
experiments of HORW by pretreated-AC, activated-AC, Os,
activated-AC + O3, CuO + O3, and activated-AC + CuO + O;
systems were also carried out and the corresponding results
are presented in Fig. 5 too. The pretreated-AC (5.0 g
pretreated-AC and 7.3 pH) and activated-AC (5.0 g
activated-AC and 7.3 pH) have very limited capacities to re-
move COD, and COD removal by the latter was slightly
higher than that by the former. This was because COD remov-
al capacity of AC derived from its adsorption of organic pol-
lutants, and the specific surface area of activated-AC was
larger than that of the pretreated-AC (shown in Table 2).
COD removal by single O3 (90 mg/L O5 and 7.3 pH) in-
creased as treatment time prolonged and COD removal of

Table 2 The texture properties of

catalysts and CuO content in Samples Sprr (M%/g) Vp (m’/g) Avg. pore size (nm) CuO content (wt%)*
catalysts

Pretreated-AC 904.33 0.45 2.00 0

Activated-AC 1280.00 0.62 2.08 0

CuO-1%/AC 1430.46 0.72 2.02 1.15

CuO-3%/AC 1244.65 0.88 2.84 3.05

CuO-5%/AC 896.64 0.54 243 491

CuO-7%/AC 754.23 0.38 2.03 7.16

* CuO content was calculated based on the XRF element analysis
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Fig. 3 SEM images of pretreated-
AC (a), fresh CuO-1%/AC (b),
fresh CuO-3%/AC (c¢), fresh
CuO-5%/AC (d), fresh CuO-7%/
AC (e), and CuO-5%/AC used for
4 cycles ()

about 22.0% was obtained after treatment. COD removal ef-
ficiency of HORW by activated-AC + O3 (5.0 g activated-AC,
90 mg/L O; and 7.3 pH) was greater than that by single O3,
indicating that some function groups on the surface of AC
catalyzed the decomposition of ozonation into *OH radicals
to some extent (Tian et al. 2016). Notably, the COD removal
efficiency of HORW by system CuO + O3 (0.25 g CuO,
90 mg/L O3 and 7.3 pH) was obviously enhanced, and after
treatment, COD removal of about 52.0% was obtained, which
indicated that CuO was a good catalyst for HCOP. The effi-
ciency of system activated-AC + CuO + O3 (4.75 g activated-
AC, 0.25 g CuO, 90 mg/L O, and 7.3 pH) in COD removal of
HORW was greater than that of system CuO + O3, which was
attributed to the additive effect in catalytic activities of
activated-AC and CuO. Interestingly, COD removal efficien-
cy of HORW by system CuO-5%/AC + O5 (5.0 g CuO-5%/

@ Springer

AC, 90 mg/L Oz and 7.3 pH) was remarkably greater than that
by system CuO + Oj; and system activated-AC + CuO +
O;. In such case, COD removal efficiency of about 72.0%
was obtained after treatment, indicating that the catalytic
activity of supported-catalyst CuO-5%/AC was much
higher than that of CuO and the mixture of activated-AC
and CuO, although the amounts of CuO in systems CuO-
5%/AC + Oz, CuO + Os, and activated-AC + CuO + O;
were equal. As TEM images (Fig. 4) showed, this might
be ascribed to the fact that CuO particles in supported-
catalyst CuO/AC were much smaller and highly dis-
persed, leading to the high catalytic activity of CuO-5%/
AC. Despite the high activity of CuO-5%/AC, COD did
not reduce in a linear manner. Instead, it reduced quickly
in first 45 min and then slowly as treatment time
prolonged, which might be attributed to the generation
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Fig. 4 TEM images of unsupported-catalyst CuO particles (a) and supported-catalyst CuO-5%/AC (b). The insets in the TEM images are size
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of intermediates oxygen-containing compounds in later
stage such as aldehydes and carboxylic acids. Those com-
pounds are active-low in degradation reactions. Besides,
the inherent recombination of *OH radicals might be an-
other reason for it.

Figure 6 shows the COD and BODjs reduction trend, and
biodegradability (BODs/COD ratio curve) of HORW samples
treated by HCOP and single ozonation. As shown in Fig. 6a,
COD concentration in HORW treated by HCOP with CuO-
5%/AC (5.0 g CuO-5%/AC, 90 mg/L Os, and 7.3 pH) was on
a clear decline along with the extended treatment time. As for
BODs, it first decreased, then increased, and last decreased
slowly again with treatment time prolonged. Notably, BODs/
COD ratio increased from 0.076 to 0.33 at 45 min, indicating
that anti-biodegradable organic components became biode-
gradable after treatment. The slight decrease of BODs/COD
ratio to 0.31 at 90 min was mainly due to mineralization of
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Fig. 5 COD removal of HORW by different systems

biodegradable substances. By contrast, COD removal by sin-
gle ozonation was low and the biodegradability of HORW did
not improved obviously (Fig. 6b).
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Fig. 6 COD, BODs, and BODs/COD ratio changing trend of HORW
samples treated by CuO-5%/AC catalyzed ozonation (a) and single
ozonation (b)
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The toxicity of HORW was analyzed by Vibrio fischeri
method, basing on a mechanism that the luminescence of
bacteria Vibrio fischeri is directly associated with respira-
tory activity, and it therefore provides a good indicator of
metabolic activity and the general cytotoxicity of a com-
pound or a mixture of compounds (Rodriguez-Ruiz et al.
2015). As Fig. 7 shown, the toxicity of HORW treated by
HCOP with CuO-5%/AC slightly increased in first 15 min
treatment, then decreased quickly in an approximate linear
manner until at 75 min and afterward slowly down, re-
vealing that intermediates with higher toxicity formed in
initial 15 min and then were further converted to sub-
stances with low toxicity. Toxicity of HORW decreased
by about 67.1% after treatment by HCOP. However, tox-
icity decreased by only about 21.0% in the case of single
ozonation. Toxicity analysis results combining with COD
results (Fig. 6a, b) confirmed further that the toxicity of
HORW dominantly derived from organic petroleum com-
pounds. Additionally, as Table 1 shows, after treatment by
HCOP, TSS and VSS were reduced remarkably and no
TDS was detected out within analyzation sensitivity.
While SO427 content increased obviously, this was as-
cribed to the oxidation conversion of TDS.

As for comparison, HORW was also treated by sequential
anaerobic-aerobic process for a period of 11 days and the
corresponding degradation results were presented in Fig. S3,
showing that after treatment COD was reduced by only 21.8%
averagely and BODs/COD ratio was enhanced slightly.
Biological treatment results further proved the anti-
biodegradable characteristic of HORW. As Table 3 shows,
the results obtained in the present study were also compared
with some other studies on degrading petroleum refinery
wastewater by HCOP.

The experimental results (not shown) showed the dosage of
unsupported-CuO 4 times to CuO in supported-CuO-5%/AC

90
—=»— CuO-5%/AC +O3
|< — 0,
-
=)
=
= 60+ T
c
=]
2
k3]
X
o
l—
30
I
* T * T
0 40 80

Treatment time (min)

Fig. 7 Toxicity changing trend of HORW samples treated by CuO-5%/
AC catalyzed ozonation and single ozonation
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if the same degradation results were obtained. Based on the
treatment of HORW in lab-scale in this work, the catalyst cost
of unsupported-CuO was 0.62 dollar per cubic meter of
HORW, while the catalyst cost for supported-CuO-5%/AC
was 0.23 dollar per cubic meter of HORW.

Degradation mechanism discussion

Active species for high efficiency of CuO/AC catalyzed
ozonation

HCOP is a kind of advanced oxidization technology, and it is
commonly accepted that the high efficiency of advanced
oxidization is ascribed to the generation of more *OH radicals.
To verify it also happened in CuO/AC catalyzed ozonation,
tert-butyl alcohol (TBA) (5 mL, 0.5 mol/L), typical *OH rad-
ical inhibitor, was added in systems to scavenge *OH radicals
produced during treatment (Feng et al. 2016). Influences of
TBA concentrations on the inhibition of COD removal were
investigated with the aim to determine the optimal adding
amount of TBA, the results (seeing in Fig. S4) showed that
the optimal concentration of TBA was 0.5 mol/L. Figure 8
presents the influence of TBA introduction on COD of
HORW samples treated by HCOP (5.0 g CuO-5%/AC, 7.6
pH and 90 mg/L Os). After treatment, the COD of HORW
treated without adding TBA decreased by about 72.0%, while
in the case of adding TBA initially (at 0 min), COD reduced
by only about 17.5%, revealing the strong inhibition effect of
TBA toward COD removal, which was ascribed to the fact
that the formed *OH radical was scavenged by TBA.

To prove further that the high degradation efficiency of
CuO/AC catalyzed ozonation is due to the generation of
*OH radicals, TBA was also added in system at different in-
tervals during degradation. It is found in Fig. 8 that COD was
reduced sharply before adding TBA, while COD reduction
trend slowed down immediately upon adding TBA at 15 and
30 min during treatment. This was ascribed to the fact that
*OH radicals generated during the treatment were scavenged
by TBA, and only Os left in the systems. The oxidation-
reduction potential of O5 is much less than that of *OH radical.
Besides, O; is unstable in water, and its lifetime is short and its
solubility is low. All those factors lead to COD reduction trend
became slow after adding TBA. Therefore, it was confirmed
that organic components in HORW were dominantly degrad-
ed via oxidization with active species *OH radicals.

Chemical composition analysis of HORW

ESI-FT-ICR MS is a sensitive analyzation technology, which
was employed in the present study to determine organic com-
ponents in HORW during treatment with aim to reveal decom-
position mechanism of organic compounds. Figure S5 pre-
sents ESI-FT-ICR MS spectra of HORW samples treated by
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Fig. 9 Influence of CuO loading on COD removal

removal increased from 27.7 to 47.1% and to 72.5% as
CuO loading increased from 1 to 3 wt%, and to 5 wt%,
respectively; then, however, it decreased to 60.9% when
CuO loading increased to 7 wt% further. As aforemen-
tioned, heterogeneous catalytic ozonation undergoes
absorption-catalytic oxidation mechanism, and the activity
of supported-catalyst relates not only to catalyst loading
but also to adsorption property such as specific surface
area. As shown in Fig. 9, COD removal efficiency was
significantly enhanced as CuO loading increased from 1
to 5 wt%, indicating that at this stage the degradation
activity was dominantly determined by CuO loading be-
cause the number of catalytic active sites increased as
CuO loading increased. The degradation activity, howev-
er, decreased remarkably when CuO loading increased to
7 wt%, which was probably due to that CuO particles
grew into larger size (revealed by the broaden diffraction
peaks of CuO in Fig. 1) and adsorption properties of CuO/
AC deteriorated (Table 2; Fig. 3). Here, 5 wt% of CuO
seemed to be the optimal catalyst loading.

Influence of CuO/AC dose

Figure S6 shows the COD removal of HORW over var-
ious CuO-5%/AC catalysts does of 0.5 g, 1.5 g, 3.5 g,
and 5.0 g with 90 mg/L O5 and 7.2 pH. It was clear that
adding catalyst dose promoted COD removal, which was
probably due to more surface active sites for more cat-
alyst dose (Chen et al. 2014a). After treatment, COD
removal efficiency of 58.87%, 62.3%, and 81.2% was
obtained over CuO-5%/AC catalyst dose of 0.5 g,
1.5 g, and 3.5 g, respectively. However, when catalyst
dose increased to 5.0 g, the COD removal was close to
the case of 3.5 g catalyst dose. Therefore, 3.5 g of CuO-
5%/AC seemed to be the optimal catalyst dose consid-
ering cost-cutting.
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Influence of O3 concentration

Figure S7 shows COD removal of HORW samples over 3.5 g
CuO-5%/AC catalyst with 7.5 pH and different O; concentra-
tions. The COD removal efficiency of 62.2%, 69.3, 74.4%,
and 75.3% was obtained at O3 concentrations of 30, 60, 90,
and 120 mg/L, respectively. COD removal increased gradual-
ly as O3 concentration increased, which was due to that in-
creasing O5 concentration favored generating more *OH rad-
icals. Besides, what was more important was that increasing
O; concentration (means increasing gas mixture flow) could
change the dispersion state of catalysts in system, which there-
fore benefited for the enhancement of HORW degradation
efficiency (Chen et al. 2014a, b). During experiments with
30 mg/L O3, the channeling phenomenon was existed in the
reaction system, suggesting insufficiently fluidized state of
CuO-5%/AC catalyst. For Os concentration of 60 mg/L in
the system, the channeling phenomenon weakened to some
extent. Fully fluidized state of catalysts was realized, when the
O; concentration was increased to 90 mg/L. According to the
mass transfer theory (Benitez 2002), fluidization state made
the interface between gas—liquid—solid contact each other ful-
ly, which can promote heterogeneous catalytic reaction.
Additionally, the driving force for O3 mass transfer increased
as O3 concentration increased. Above factors resulted in the
enhancement of COD removal. On other hand, O; accumulat-
ed in water as the O; mass transfer rate increased, and the
concentration of O3 in HORW increased to a saturation value.
Thus, the COD reduction removal did not increase further
when ozone concentration increased to 120 mg/L. Therefore,
the O3 concentration of 90 mg/L was reasonable considering
the O; utilization and COD removal efficiency.

Influence of initial pH

The influence of various initial pHs (adjusted by HCI and
NaOH solutions) on COD and TOC removal of HORW is
illustrated in Fig. S8a with 30 mg/L O3 and 3.5 g CuO-
5%/AC. COD and TOC removal showed a “volcano-type”
changing trend with initial pH increased from 1.02 to
11.11. High COD and TOC removal efficiency was ob-
tained at weak acid and neutral condition, while COD and
TOC removal was low in strong acid or alkaline condi-
tion. In experiments, CuO/AC showed a good acid-base
stability at pH 5-8, and CuO was found to easily leach
out from the surface of catalyst at pH less than 4 (Fig.
S8b). Therefore, the low COD and TOC removal efficien-
cy in strong acidic condition might be ascribed to the
leach out of CuO from catalyst in the manner of Cu®*.
As to the low COD and TOC removal, efficiency in
strong alkaline condition might be due to the generation
of carbonate and bicarbonate in mineralization of organic
pollutants, which are the typical *OH radical scavengers
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(Xiong et al. 2003). Additionally, the surface hydroxyl
groups in neutral state on the surface of heterogeneous
catalyst favor the decomposition of O; to attain relative
high catalytic performance, and the surface hydroxyl
groups are dominant only when the pH of the solution
is at about the point of zero charge pH (pHpzc) (Zhang
et al. 2008). Herein, the pHpzc of CuO-5%/AC catalyst
was 6.28 and that was why COD and TOC removal was
the highest at pH 6.03. The performance stability of CuO-
5%/AC in the degradation of HORW by HCOP (3.5 g
CuO-5%/AC, 90 mg/L O; and 7.3 pH) was also investi-
gated and the results (shown in Fig. S9) showed that the
performance of CuO-5%/AC decreased obviously after
4 cycles.

Conclusion

The degradation of HORW by HCOP with supported-catalyst
CuO/AC was investigated. The results showed that compared
with unsupported-CuO or the mixed system of activated-AC
and unsupported-CuO, supported-catalyst CuO/AC with reduced
cost demonstrated significantly enhanced activity for the degra-
dation of HORW by HCOP. The high activity of supported-
catalyst CuO/AC might be ascribed to the fact that CuO particles
were much smaller and highly dispersed on AC. The organic
components in HORW were predominantly degraded via
oxidization with *OH radicals in a way that original big organic
molecules were first degraded to small molecule oxidation prod-
ucts with low toxicity and improved biodegradability, which
were then further oxidized or mineralized. CuO loading, catalyst
dose, O5 dose, and initial pH had influences on the degradation.
CuO/AC could be a promising heterogeneous supported-catalyst
for the degradation of HORW by HCOP.
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