
C

K
a

b

K

a

A
R
R
A
A

K
A
C
P
B
M

1

m
r
t
g
t
i
a
c

o
p
t
u
p
a
c
p
w
t

2
f

0
d

Journal of Hazardous Materials 159 (2008) 587–592

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

atalytic ozonation of phenol in water with natural brucite and magnesia

un Hea, Yu Ming Dongb, Zhen Lia, Lin Yina,∗, Ai Min Zhangb, Yi Chun Zhenga

Department of Earth Science, Nanjing University, Nanjing 210093, PR China
School of Chemistry and Chemical Engineering,
ey Laboratory of Mesoscopic Chemistry, Nanjing University, Nanjing 210093, PR China

r t i c l e i n f o

rticle history:
eceived 10 October 2007
eceived in revised form 23 January 2008
ccepted 19 February 2008

a b s t r a c t

Natural brucite and magnesia were applied as catalysts in catalytic ozonation of phenol in this work. It
was found that both brucite and magnesia had remarkable accelerations on degradation of phenol and
removal of COD in water. On this basis, effective and feasible routes for catalytic ozonation of phenol
in water were proposed. The influence of initial pH value, radical scavengers and reaction temperature
vailable online 23 February 2008

eywords:
dvanced oxidation processes
atalytic ozonation
henol

were investigated. The results revealed that there were different ozonation mechanisms in two systems:
molecular ozone direct oxidation mechanism was proved in catalytic ozonation with brucite, and hydroxyl
radical mechanism was demonstrated to play a main role in catalytic ozonation with magnesia.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Recently, treatment of industrial wastewaters has attracted
uch attention of many countries’ governments and lots of envi-

onmental experts. The pollution of wastewaters is mainly owed to
he presence of organic contaminants such as PAH’s, dyes, halo-
enated hydrocarbons, phenolic compounds, etc. [1,2]. Amongst
hese pollutants, phenols are widely used in petroleum, petrochem-
cal, coal conversion, and pharmaceutical industries and confirmed
s refractory pollutants by the US EPA for their highly toxic and
arcinogenic properties [3–5].

To remove phenol and its compounds from water, kinds of meth-
ds are applied according to literatures appeared. They include: wet
eroxide oxidation [1,6], catalytic wet air oxidation [7–9], adsorp-
ion [5], and ozonation [10,11]. Especially, ozonation is a widely
sed method to mineralize organic pollutants in water. However,
henols usually could not be oxidized efficiently in ozonation
nd their byproducts are always more toxic and resistant, such

ases will lead to a low mineralization level [12]. To settle this
roblem, technologies of O3/UV, O3/H2O2 and catalytic ozonation,
hich are advanced oxidation processes (AOP), were proposed. In

hese processes, ozone could be decomposed to generate hydroxyl

∗ Corresponding author at: Department of Earth Science, Nanjing University, No.
2 Hankou Road, Nanjing 210093, PR China. Tel.: +86 25 83594669;
ax: +86 25 83596016.
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adicals, which have higher reaction rate constants with phenols
13,14], but those agents such as UV and H2O2 always present
ome drawbacks: high costs, turbidity of water, etc. [15–17]. As
nother advanced oxidation process, catalytic ozonation could also
chieve the same effects on phenols degradation. According to lit-
ratures, many catalysts have been used in catalytic ozonation,
uch as translation metal oxides [15,18,19], metals ions [20,21].
ssalin et al. [18] have studied the degradation of phenol in cat-
lytic ozonation with Mn(II) and Cu(II), and he concluded that
hese two ions could apparently accelerate the phenol degrada-
ion rate. Okawa et al. [21] revealed that the presence of metal ions
ould lead to certain catalytic effects on decomposition of phe-
ol with ozonation in acetic acid. However, it is well known that
hose translation metal ions may lead to a secondary pollution in
ater.

Recently Takehira et al. [22] has found that Cu/Fe/Al mixed oxide
atalysts prepared by calcining hydrotalcite precursor showed
igh activity for the mineralization of both phenol and oxalic
cid by ozone in aqueous solution. And as we know, just as
ydrotalcite, natural brucite is also a kind of low-cost and envi-
onmental friendly alkali mineral with a moderate solubility in
ater [23]. Thus in consideration of Takehira’s work and our

ormer studies [24], natural mineral brucite and its calcined-

roduct (magnesia) without any purification are introduced as
atalysts in ozonation of phenol in this paper. It was found that
oth brucite and magnesia have prominent catalytic effects on
he degradation of phenol and the removal of chemical oxy-
en demand (COD) in water. On this basis, economically feasible

http://www.sciencedirect.com/science/journal/03043894
mailto:yinlin@nju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.02.061
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Table 1
XRF results of chemical composition for magnesia

MgO 86.15
SiO2 3.72
CaO 1.37
Fe2O3 0.69
Al2O3 0.28
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Fig. 1. Thermo-gravimetric curve of brucite.

zonation processes on degradation of phenol in water were pro-
osed.

. Experimental

.1. Preparation and characterization of catalysts

Natural mineral brucite was exploited from Fengcheng of Liaon-
ng province in China. Bulky brucite was crushed and sieved into
00 mesh size, and its main chemical composition is: Mg(OH)2,
4.71%; SiO2, 2.85%; others [24]. From the gravimetric curve of
rucite (Fig. 1), it can be observed that the first dehydration of
rucite completes at about 450 ◦C. Thus to obtain magnesia, 100-
esh brucite was calcined at 450 ◦C for 6 h. This powder sample
as characterized by X-ray diffraction (XRD) (Fig. 2) on an X-ray
iffractometer (ARL, Switzerland) and X-ray fluorescence spec-
rometry (XRF) (Table 1) on an X-ray fluorescence spectrometer
ARL, Switzerland). Fig. 2 shows that sharp and intense peaks at
iffraction angles of 2� = 37◦, 43◦, 62◦ should be mainly ascribed to
iffraction by basal planes (1 1 1), (2 0 0), (2 2 0), respectively, which
s in a good agreements with periclase (JCPD S4-0829). From the
esults presented in Table 1, it can be proved that the sample mag-
esia is mainly composed of MgO and most of the water has been
urned off.

Fig. 2. XRD pattern of magnesia.
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thers 0.11

otal 100.04

.2. Materials

Ozone was generated in a laboratory ozone generator from pure
xygen, and the flow rate of ozone was 0.36 mg/min. Methanol used
s mobile phase in HPLC was chromatographically pure. Phenol
sed to preparing for the model solutions was analytical grade. All
he other reagents such as tert-butanol, sodium hydroxide, borax
nd phosphate were analytical grades without further purification.
he water used in this work was distilled water.

.3. Ozonation experiments

Experiments were carried out in a semi-continuous flow mode.
n a typical catalytic ozonation procedure, 0.5 g brucite or magnesia
as mixed with 100 ml model aqueous solution (initial concentra-

ion of phenol and COD are 100 and 227.0 mg L−1) in a flask under
tirring and thermostatic control. Then the ozone flow was fed into
he bottom of the flask with continuous stirring. At certain inter-
als, 5.0 mL of samples were got out and centrifuged for analytical
etermination of the phenol concentrations and COD in solutions.

The concentrations of phenol in solution were determined
y HPLC (SHIMADZU LC-10AD). A COSMOSIL C-18-AR-II column
250 mm, 4.6 mm i.d.) was used. The mobile phase was an aqueous

ixture (50% methanol and 50% water) with detection at 210 nm.
he values of COD were obtained through oxidation with K2Cr2O7
nder acidic conditions and titrate analysis with (NH4)2Fe(SO4)2
queous solution according to the national criterion of PR China
25]. The pH values of solutions were recorded by pH analyzer (Lei
i Instrument Plant, Shanghai, China). The mass velocity of ozone
as measured by standard iodometry.

. Results and discussion

.1. Catalytic effects of catalysts

In order to test the effects of brucite and magnesia on phe-
ol degradation and COD removal from water, series of ozonation
xperiments with and without catalysts were carried out at 25 ◦C.
ig. 3 shows the evolution of the residual concentration of phenol
n ozonation experiments. It can be observed that both brucite and

agnesia have acceleration effects on the degradation of phenol
n some extent. For instance, at 15 min the decomposition rate of
henol has been enhanced by proportion of 55% in catalytic ozona-
ion with brucite and 91% in catalytic ozonation with magnesia to
hat in single ozonation. As shown in Fig. 4, brucite and magnesia,
specially magnesia, had remarkable catalysis on COD removal.

.2. Adsorption
As it is well known, adsorption usually is an un-neglected
actor in experiments. To describe adsorptions of phenol and its
ecomposed-products on catalysts, experiments as follows were
arried out. In the first experiment, 0.5 g brucite and 0.5 g magnesia
ere added into 100 ml 100.0 mg L−1 model solutions, respectively,



K. He et al. / Journal of Hazardous Materials 159 (2008) 587–592 589

Fig. 3. Degradation of phenol under single ozonation (�), catalytic ozonation with
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Table 2
Evolution of pH values during single ozonation and catalytic ozonation
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rucite (�) and catalytic ozonation with magnesia (�). C0: initial concentration; C:
esidual concentration. Conditions: Initial phenol concentration, 100 mg L−1; catalyst
oncentration, 5 g L−1; flow rate, 5 mL min−1; ozone concentration, 0.36 mg min−1;
nitial pH, 6.35 (single), 10.18 (brucite), 10.80 (magnesia); temperature, 25 ◦C.

nd then the solutions were stirred for 60 min. The phenol con-
entrations of solutions gained were determined to be 98.8 and
8.7 mg L−1, respectively. This result indicates that phenol was
ardly adsorbed on brucite and magnesia. In the second exper-

ment, firstly two flasks of 100 ml 100.0 mg L−1 phenol solutions
ere reacted under single ozonation for 60 min, then 0.5 g brucite

nd 0.5 g magnesia were added into those solutions, respectively,
ith stirring for 60 min. The COD values of solutions in two flasks
ere detected to be 135.2 and 112.3 mg L−1 correspondingly. From

ig. 4, it can be seen that COD at 60 min of single ozonation
s 141.0 mg L−1. The results indicate that abatements of COD by
dsorption on brucite and magnesia were 5.8 and 28.7 mg L−1.

he removals of COD at 60 min of brucite and magnesia catalytic
zonation are higher than that of single ozonation for 45.2 and
19.6 mg L−1, respectively. Therefore, it can be demonstrated that
dsorption of decomposed-products of phenol by two alkaline min-
rals contributes little to the removal of COD.

ig. 4. Removal of COD under single ozonation (�), catalytic ozonation with brucite
�) and catalytic ozonation with magnesia (�). COD0: initial value; COD: residual
alue. Conditions: Initial phenol concentration, 100 mg L−1; catalyst concentration,
g L−1; flow rate, 5 mL min−1; ozone concentration, 0.36 mg min−1; initial pH, 6.35

single), 10.18 (brucite), 10.80 (magnesia); temperature, 25 ◦C.
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ingle ozonation 6.35 3.90 3.29 3.69 3.18 2.75 2.76
rucite 10.18 9.77 9.45 9.11 8.91 8.74 8.52
agnesia 10.80 10.78 10.80 10.83 10.82 10.92 10.83

.3. Evolution of pH value

It is well known that pH value is usually considered as an impor-
ant factor in ozonation. As natural alkaline mineral, brucite and its
alcined-product magnesia will alter the pH value in water [26,27].
o describe the influences on pH value by two catalysts, pH val-
es in the processes of single ozonation and catalytic ozonation
ere determined, respectively. And the results are summarized in

able 2. It can be seen that pH value varies from 6.35 to 2.76 in single
zonation and ascends a lot with the presence of both the catalysts.
n the process of catalytic ozonation with brucite, the pH value is
0.18 at the beginning, and then presents an obvious descent from
0.18 to 8.52. While in magnesia system, pH value maintains nearly
0.80.

.4. Control experiments

To study the influence of initial pH value on degradation rate
f phenol in ozonation, experiments as follows were carried out at
5 ◦C. Six 100 mg L−1 model phenol solutions (Nos. 1–6) with differ-
nt initial pH values were prepared as samples, and then ozonation
xperiments with these samples were processed for 15 min. The
umber and corresponding materials of the samples are shown

n Table 3, and the initial pH and the pH after reactions are also
resented in the table. Residual phenol concentrations of these
amples are shown in Fig. 5. It can be observed that, there is a posi-
ive relationship between the decomposition rate and the initial pH
alue, which is in agreement with former study in a literature [28].

On the basis of experiments above, alkaline environment pro-
ided by the catalysts was considered as the main factor which
ccelerates the degradation rate of phenol in this paper.

.5. Influence of radical scavengers

In traditional opinion, catalysis in ozonation usually processes
n two main routes: ozone direct oxidation and free radical reac-
ions. And it is well known that, when adding radical scavengers
n catalytic ozonation, the phenomenon of inhibition on catalytic
ffect should suggest a radical type reaction, otherwise ozone direct

eaction should be more possible [13,14,29].

To clarify whether generation of hydroxyl radicals had been
ccelerated by brucite and magnesia, the influence of radical
cavengers was investigated. Here tert-butanol which has the reac-

able 3
orresponding pH values before and after reactions of the samples

amples a b

(free) 6.35 3.69
(mixed phosphate) 6.86 6.82
(borax) 9.18 9.18
(brucite) 10.18 9.11
(NaOH) 10.50 6.86
(magnesia) 10.80 10.83

, initial pH values and b, pH values after reactions. Initial concentrations of samples:
(mixed phosphate), 6.8 g L−1; 3 (borax), 3.6 g L−1; 4 (brucite), 5 g L−1; 5 (NaOH),

.04 g L−1; 6 (magnesia), 5 g L−1.
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ig. 5. Effect of initial pH value variation to the degradation rate of phenol. Con-
itions: Initial phenol concentration, 100 mg L−1; flow rate, 5 mL min−1; ozone
oncentration, 0.36 mg min−1; temperature, 25 ◦C.

ion rate constants of 6 × 108 M−1 S−1 with hydroxyl radicals [30]
nd 3 × 10−3 M−1 S−1 with ozone [31] was introduced as scav-
ngers. tert-Butanol (0.3 g) were added to 100 ml reaction solutions.
ig. 6(a) shows the influence of tert-butanol on the degradation
f phenol in catalytic ozonation with brucite. Not a decrease of
henol degradation rate but a slight increase is observed. There-
ore, it can be demonstrated that catalytic ozonation with brucite
robably proceed according to direct oxidation by ozone molecule.
hile a distinct result can be observed in Fig. 6(b), the presences

f tert-butanol obviously block the degradation rate of phenol
n catalytic ozonation with magnesia. This result should demon-
trate that hydroxyl radicals play an important role in magnesia
ystem.

According to former investigation, pH value in water can deter-
ine the decomposition of ozone in water. When pH is higher

han 10, ozone is able to decompose to generate a high concen-
ration of hydroxyl radicals in water [17,29,33]. From Table 2, it
an be observed that pH value in magnesia system maintains
early 10.80, thus lots of hydroxyl radicals may be generated

n this process. While in process of catalytic ozonation with
rucite, although the initial pH value is 10.18, it quickly descends

elow 10, in this case the assumption that the generation of
ydroxyl radicals are hardly accelerated by brucite should be in
ll probability. These assumptions were in agreement with the
onclusions deduced from the results shown in radical scavenger
xperiments.

a

p
l
t

ig. 6. Influence of tert-butanol on degradation of phenol. (a) Catalytic ozonation with b
utanol addition (�). Conditions: Initial phenol concentration, 100 mg L−1; tert-butanol c

nitial pH, 10.18 (brucite), 10.80 (magnesia); temperature, 25 ◦C.
aterials 159 (2008) 587–592

.6. Influence of temperature

As another important factor which can influence the decom-
osition rate of ozone in water, the increase of temperature could

mpel ozone to decompose to generate more free radicals [27,34].
n this experiment, catalytic ozonations with brucite and magnesia
ere carried out at 25, 35 and 45 ◦C, respectively. Fig. 7(a) indi-

ates the influence of temperature on the degradation of phenol
n catalytic ozonation with brucite. It can be found that the varia-
ion of temperature almost did not affect the degradation rate. This
esult further attests the assumption made in 3.5. While as to the
atalytic ozonation with magnesia shown in Fig. 7(b), the decom-
osition rate of phenol presents a prominent enhancement with
he increase of temperature, that is to say catalysis in this system
hould be mainly attributed to the generation of free radicals. The
onclusion drawn from the temperature experiments further con-
rms that ozone direct oxidation should play a main role in catalytic
zonation with brucite, and free radical mechanism should control
he catalytic effects in catalytic ozonation with magnesia.

.7. Mechanism of catalytic ozonation

From the discussion above, it can be concluded that, in the cat-
lytic ozonation with brucite, hydroxyl radicals in solutions may be
ot much enough to play an important role, and phenol should be
ainly oxidated by molecular ozone. It is well known that, phenol

nd its decomposed-products (saturated and unsaturated acids)
re neutral form in neutral and acidic solution, and would become
ase form with negative charge in alkali solution [35]. At the
ame time molecular ozone possesses a strong electrophilic reac-
ivity. In alkaline environments such as brucite solution or borax
uffer solution, ozone shows higher reactivity towards phenol
nd its decomposed-products due to its electrophilic characteris-
ics [11,14,23]. Therefore, the reactions between ozone molecules
nd phenol and its decomposed-products were accelerated. The
atalytic mechanism in catalytic ozonation with brucite can be
escribed as follows:

–X + OH− → X− + H2O (1)

− + nO3 + H2O → products + OH− (2)

In the reaction, X–H denotes phenol and its intermediates.
While in catalytic system with brucite, although above-

entioned reactions also exist, free radical mechanism should play

dominant role.

At the same time, considering the environment friendly view-
oint, brucite and magnesia are advantageous which would not

ead to a secondary pollution. A feasible choice for catalytic ozona-
ion of phenol in wastewater was supplied.

rucite; (b) catalytic ozonation with magnesia. Without tert-butanol (�); with tert-
oncentration, 3 g L−1; flow rate, 5 mL min−1; ozone concentration, 0.36 mg min−1;
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ig. 7. Influence of temperature on the degradation of phenol. (a) Catalytic ozona
onditions: Initial phenol concentration, 100 mg L−1; catalyst concentration, 5 g L−1

0.80 (magnesia).

. Conclusions

Main conclusions gained in this paper are presented as
ollowing:

Natural minerals brucite and magnesia have remarkable catalysis
on the degradation of phenol and removal of COD.
Neither phenol nor its decomposed-products are adsorbed much
by brucite and magnesia during ozonation.
pH values of water are alkali in catalytic ozonation process with
brucite and magnesia, and the alkaline environment is the main
factor leading to the catalysis.
Two catalytic systems have different catalytic mechanisms: in
catalytic ozonation with magnesia, free hydroxyl radical mech-
anism is proved to play the dominant role; while in catalytic
system with brucite, the direct ozone oxidation should contribute
much more.
Natural mineral brucite and its calcined-product magnesia have
a promising application in treatment of phenol in wastewater by
catalytic ozonation.

cknowledgements

The authors gratefully acknowledge the support from the
ational Natural Science Foundation of China (Nos. 50474036 and
0673056), the Environmental Protecting Science Foundation of
iangsu Province (No. 2007016), and the Open Analysis Foundation
f Nanjing University.

eferences

[1] J.A. Zazo, J.A. Casas, A.F. Mohedano, J.J. Rodrı́guez, Catalytic wet peroxide oxi-
dation of phenol with a Fe/active carbon catalyst, Appl. Catal. B 65 (2006)
261–268.

[2] A. Santos, P. Yustos, S. Rodriguez, F. Garcia-Ochoa, Wet oxidation of phenol,
cresols and nitrophenols catalyzed by activated carbon in acid and basic media,
Appl. Catal. B 65 (2006) 269–281.

[3] U.S. EPA, Federal Register, Washington, DC, 1987, 52, 131, 25861–25962.
[4] A.H. Scragg, The effect of phenol on the growth of Chlorella vul-

garis and Chlorella VT-1, Enzyme Microb. Technol. 39 (2006) 796–
799.

[5] A. Tor, Y. Cengeloglu, M.E. Aydin, M. Ersoz, Removal of phenol from aqueous
phase by using neutralized red mud, J. Colloid Interf. Sci. 300 (2006) 498–503.
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