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a b s t r a c t

In the presence of O3, the oxidative decolorization reaction on molasses fermentation wastewater with
SnO2 as a catalyst was studied. The results showed that SnO2 accelerated the ozone oxidation reaction
and the oxidative decolorization of molasses fermentation wastewater was accelerated. Influences on
SnO2 catalytic ozonation activity by precipitants and the calcination temperature were studied by XRD,
IR and TG–DSC. SnO2 prepared by ammonia as the precipitant had higher catalytic activity and a stronger
dehydroxylation. The IR spectra of adsorbed pyridine showed that there were Lewis acid sites on the
surface of this SnO2 catalyst. The main factors influencing molasses fermentation wastewater oxidative
Catalyzed ozonation
Molasses fermentation wastewater
D

decolorization were the wastewater concentration, the O3 concentration, the pH value and the catalyst
dosage. The decolorization of wastewater was improved with the increase of the wastewater dilution
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. Introduction

It has been a serious environmental concern that large volume of
igh strength wastewater has been generated by molasses alcohol
anufacturers. Molasses fermentation wastewater is a kind of high

oncentration organic acidity wastewater, discharged after alco-
ol is extracted in distillation tower by fermented molasses. The
astewater is characterized by very high chemical oxygen demand

COD) (65 000–130 000 mg L−1) and biochemical oxygen demand
BOD5) (30 000–96 000 mg L−1) and has a bad smell and dark brown
olor. The main components of molasses fermentation wastewa-
er are the melanin browning caused by polyphenols, the polymer

elanin caused by reaction of decomposed condensation polymer-
zation with reduced sugar alkali, Maillard pigment, caramel, and
arge amount of carbonate and phosphate. Since this kind of pig-

ents is heat and light resistant, and has not been decolorized
or a long time, it is difficult to destroy them by biochemical and

hysico-chemical methods [1,2].

Because of its strong oxidation capacity, ozone has been applied
o degrade molasses fermentation wastewater [3–5], but the uti-
ization ratio of ozone was not high. It is an effective method to
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and the catalyst dosage. High activity OH was found to be existing with
tion in the process of SnO2 catalyzed ozonation decolorization.

© 2008 Elsevier B.V. All rights reserved.

trengthen the ozone oxidation process with catalyst [6]. There
re homogeneous catalytic ozone oxidation and heterogeneous
atalytic ozone oxidation. Heterogeneous catalysis is the most
romising process of wastewater treatment because its low cost,

ts catalyst reclamation capability, and its lack of secondary pol-
ution. At present, heterogeneous catalytic ozonation process has
een reported in several papers and metal-oxide (MnO2 [7–10],
l2O3 [11,12], TiO2 [13–15]) and supported metal or metal oxides

16–18] and activated carbon [19–21] have been used as ozonation
atalysts.

Tin (IV) oxide (SnO2) is an n-type semiconductor material with
ide band gap energy, high donor concentration and large mobil-

ty [22]. However, no study on SnO2 catalytic ozonation has been
eported.

This paper focuses on the use of SnO2 catalyst to treat the
olasses fermentation wastewater in the presence of O3. The pro-

ess of oxidative decolorization was studied and a preliminary
eview on the mechanism of catalytic ozonation reaction was pre-
ented as well.

. Experimental
.1. Materials

SnCl4·5H2O and NH4OH were prepared in certain concentra-
ions. NH4OH solution was added drop-wise to the SnCl4 solution,

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:gzdxlzl@gmail.com
dx.doi.org/10.1016/j.jhazmat.2008.05.094
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two peaks were the 2 0 0 and 2 2 0-lattice plane of NaCl respec-
tively, which indicates that there was NaCl in the SnO2 prepared
by Na2CO3 and NaOH and that the catalytic activity of SnO2 may
be decreased consequently and might cause the decrease of the
decolorization yield of molasses fermentation wastewater.
Y.-F. Zeng et al. / Journal of Haza

nd the mixture was adjusted to pH 8 and stirred to yield a white
recipitate. After being grounded under 353 K for 3 h, the precipi-
ate was filtered and washed with distilled water until no chloride
on was detected in the filtrate (0.5 mol L−1 AgNO3 solution was
sed as the detector). Then the material was dried for 10 h at
83 K, resulting in a SnO2 precursor. The precursor was grounded
o pass through a 100-mesh sieve mesh and calcined for 2 h at
ifferent temperatures in a muffle furnace to obtain the SnO2 cat-
lyst.

Molasses fermentation wastewater was obtained from Nannin
umiao Sugar Plant. The wastewater is dark brown in color, with
bsorbance unit of 2.14 at 475 nm after 10 times dilution. Other
haracteristics of molasses fermentation wastewater were COD
.5 × 104 mg L−1, BOD5 2.2 × 104 mg L−1, SS 3.53 × 104 mg L−1 and
H 4.12.

.2. Experimental setup

The catalytic ozonation process of molasses fermentation
astewater decolorization was a standard ozonation experimen-

al setup. The reaction was preceded at room temperature and
00 mL 10% (v/v) wastewater and certain amount of catalyst were
dded into the ozone reactor. The reactor was sealed up in the entire
eaction process. When the experiment started, the air pump and
agnetic stirrer were turned on and the rotameter was regulated

o control air flow in a steady rate. Then the ozone generator was
urned on. The ozone flowed into the ozone reactor and then the
atalytic ozonation reaction started. The reaction off-gas flowed
nto 2% KI absorption solution through the buffer bottle and then
as evacuated. The pH value for the liquid in this process was the

nitial pH value of molasses fermentation wastewater if not desig-
ated.

.3. Analytical methods and SnO2 characterization

After the catalytic ozonation reaction, 10 mL solution was cen-
rifuged for 10 min at 3000 rpm, and then the solution absorbance
as measured. The change in the wastewater absorbance at 475 nm

3–5] was detected with a TU1901 UV–vis spectrophotometer (Bei-
ing Purkinje General Instrument Co. Ltd.). The decolorization rate
quation was decolorization (%) = (A0 − A)/A0 × 100, where A0: the
bsorbance of the initial solution; A: the absorbance of the solution
n different reaction stage.

XRD measurements were carried out by a MASAL XD-3 X-ray
iffractometer with Cu K� radiation (36 kV, 20 mA) (Beijing Purk-

nje General Instrument Co. Ltd.) and this system was operated with
continuous scan mode (4◦ min−1) to get diffraction data between
5◦ and 90◦.

TG–DSC of the SnO2 catalyst was measured on a SDT Q600 ther-
al analyzer (TA Instruments). The experiment was preceded with
carrier gas of 100 mL min−1 nitrogen, and tested between 323 and
273 K with a rate of 20 K min−1.

The surface acidity of SnO2 catalyst was studied by pyridine
dsorption infrared spectrometer in a Nicolet NEXUS 470 infrared
pectrometer. The catalyst was swept by argon at 693 K for 1 h, then
ooled to room temperature and then heated to 473 K and finally
owed into the steam pyridine. The steam pyridine was absorbed
t 473 K, and then the data was recorded.

The infrared spectrum of ozone absorbed on SnO2 surface was
tudied in a Nicolet NEXUS 470 infrared spectrometer. SnO2 was

ressed to tablet after being dispersed in a KBr matrix. The spec-
rometer scanned 20 times at a resolution of 4 cm−1, and scanned
rom 400 to 4000 cm−1 with the mirror phase velocity of 0.6329.
zone generated from the air in the ozone generator flowed into

he sample pool and was absorbed for 15 min at room temper-
F
t
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ture and pressure, and then the infrared spectrum data were
ecorded.

. Results and discussion

.1. Catalytic activities

.1.1. Effect of precipitants
The catalytic ozonation was proceeded in 200 mL molasses fer-

entation wastewater at an air flow rate of 80 L h−1 to generate
zone. 2.5 g L−1 SnO2 was added, which was prepared by NH4OH,
a2CO3 and NaOH, respectively. The influence of precipitants on
olasses fermentation wastewater decolorization by SnO2 cat-

lytic ozonation was shown in Fig. 1.
After a 60-min catalytic ozonation reaction, the yields of

astewater decolorization by SnO2 prepared by NH4OH, Na2CO3
nd NaOH were 60.24%, 44.22% and 49.72%, respectively. By con-
rast, the decolorization yield by ozone oxidation without SnO2
atalyst is only 43.04%. After a reaction for 15, 30 and 45 min, the
astewater decolorization yield by SnO2 prepared by NH4OH was

5% more than that by the other two methods. These results show
hat SnO2 as a catalyst has different catalytic effects with different
recipitants and SnO2 prepared by NH4OH had the highest catalytic
ctivity.

.1.2. Structures of SnO2 catalysts prepared by different
recipitants

The XRD patterns of SnO2 catalyst prepared by different precip-
tants were shown in Fig. 2.

In Fig. 2, the three patterns were basically the same, and the
ntensity and position of the diffraction peaks at 2� = 26.7◦ (1 1 0),
3.9◦ (1 0 1), and 52.0◦ (2 1 0) were the same as the JCPDS standard
41-1445), which indicates that SnO2 crystal can be prepared by
ny of these three different precipitants. And the particle sizes of
nO2 (1 1 0-lattice plane), which were calculated by Scherrer equa-
ion: D = k�/ˇ cos �, were 7, 24 and 11 nm, respectively. The particle
izes of SnO2 prepared by NH4OH showed in SEM image (not shown
ere) was about 2 �m. However, there were two diffraction peaks
t 2� = 31.9◦ and 45.6◦ of the catalysts prepared by Na2CO3 and
aOH as precipitant. Compared to the JCPDS standard pattern, these
ig. 1. Influence of precipitants on molasses fermentation wastewater decoloriza-
ion by SnO2 catalytic ozonation.
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ig. 2. XRD patterns of SnO2 prepared by (a) NH4OH, (b) Na2CO3 and (c) NaOH as
recipitant.

.2. TG–DSC analysis of different catalyst precursors

SnO2 precursors prepared by different precipitants were pre-
eded with TG–DSC analysis by a thermal analyzer, and the results
ere shown in Fig. 3.

In Fig. 3(a), SnO2 precursor prepared by NH4OH exhibited two
ignificant thermo weight-loss processes between 430 and 580 K.
ne process was between 430 and 536 K with a weight loss of 41.8%,
hich was attributed to the weight loss of crystal water and the

ecomposition of residuary NH4Cl that was not washed out in the
repared process. The maximum weight-loss rate temperature of
nO2 was 529 K in this process.

The other process was between 536 and 580 K with a weight
oss of 28.3%, and the maximum weight-loss rate temperature was

p
w
w
t
i

Fig. 3. TG–DSC of SnO2 precursor prepared by (a) NH
Materials 162 (2009) 682–687

53 K. This process should be the process in which the precursor
ydroxyl group was removed and SnO2 was formed [23].

n(OH)4 → SnO2 + 2H2O (1)

If the precursor was Sn(OH)4, and Eq. (1) was used for the cal-
ulation, then the weight loss in this experiment was 19.3%, which
as more than the theoretical value of 9%. Previous studies showed

hat the decomposition temperature of Sn(OH)4 was around 618.8 K
24] and that the decomposition temperature would decrease if
here were some other impurities whose structure changed the
hermodynamic and kinetic rules. Therefore, in addition to the
ecomposition of Sn(OH)4, there must be crystal water loss and
H4Cl decomposition in this process. As Fig. 3(a) indicates, SnO2
recursor prepared by NH4OH was decomposed completely below
80 K and in the weight loss process, there were two endothermic
eaks at 532 and 556 K, which shows that the precursor absorbed
eat at the above temperature and was then decomposed. More-
ver, the exothermic peak above 600 K indicated that the powder
hanged from amorphous state to crystalline state in the process of
eating.

In Fig. 3(b) and (c), the weight loss of SnO2 precursor prepared
y NaCO3 and NaOH were lower than that prepared NH4OH. When
aCO3 and NaOH were used as the precipitants, the maximum
eight-loss rate for physical absorbed water removal was achieved
hen the temperature was 350 and 361 K, respectively and the tem-
erature range for hydroxyl group removal was 423 to 693 K. Since
here was a large amount of NaCl in these two precursors, as the
revious XRD analysis indicates, the weight loss rate of these two

recursors was slower. The peaks of the DSC curves were flatter,
hich indicated that the extent of hydroxyl group removal was
eaker and that less activity centers were formed. Accordingly,

here were significant differences in terms of the catalytic activ-
ty of SnO2 prepared by these three precipitants calcined at 723 K

4OH, (b) Na2CO3 and (c) NaOH as precipitant.
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SnO2-catalyzed ozonation decolorization and COD removal were
Fig. 4. IR spectrum of pyridine absorbed on SnO2.

or 2 h, and SnO2 prepared by NH4OH had higher catalytic activ-
ty.

.3. Surface acidity of SnO2

SnO2 is a kind of multifunction catalyst with different activity
ites. The acidity site is one of the most important activity centers,
o it is necessary to investigate the surface acidity of SnO2. Pyridine
s the most commonly used basic probe molecule for surface acidity
haracterization [25]. The surface acidity of SnO2 was investigated
y pyridine absorbed on SnO2 surface with FT-IR spectroscopy. The
esults were shown in Fig. 4.

According to other researches [26], interference of physical
dsorption will be excluded above 473 K while pyridine is used as
probe molecular to research surface acidity, and the exact infor-
ation of proton acid and Lewis acid can be obtained. Therefore,

ur experiment was proceeded with the pyridine gas at 473 K. The
pectrum shows several bands in Fig. 5: two peaks at 3076 and
043 cm−1 assigned to �C H, which was the stretching vibration
f pyridine molecular hexatomic ring and two peaks at 1587 cm−1

�C C) and 1577 cm−1 (�C N) assigned to the vibration adsorption
and of pyridine hydrogen bond. The absorption peak at 1449 cm−1

�19b) was formed of vibration of molecular flat hexatomic ring,
hich took place between pyridine molecular and Lewis acid sites
f Sn4+on catalyst surface [25]; 1436 cm−1 may be the physical
bsorption peak of pyridine. When pyridine was absorbed, char-
cteristic peaks of Brønsted acid site are located at ∼1540 and
640 cm−1, and characteristic peaks Lewis acid site are located at

Fig. 5. IR spectrum of (a) SnO2 and (b) ozone adsorbed on SnO2 for 15 min.

s

m

F
w
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1450 and 1620 cm−1 [27]. According to the spectrum in Fig. 4, only
ewis acid site was present on the catalyst surface.

.4. Ozone adsorption on the surface of SnO2

The IR spectrum (Fig. 5) of O3 absorbed on SnO2 surface was
onducted at room pressure and room temperature, which was
ompatible with the SnO2 catalyzed ozonation of wastewater.
zone was prepared from air.

The infrared transmission spectrum of SnO2 without treat-
ent is shown in Fig. 5(a) and it indicates that there are three

bsorption peaks: 3354 cm−1 assigned to the stretching vibration of
n OH, 1627 cm−1 assigned to the bending vibration of hydroxyl,
nd 1041 cm−1 assigned the stretching vibration of Sn O Sn [28].
ig. 5(b) shows the IR spectrum of ozone absorbed on SnO2 sur-
ace. The IR spectrum of pyridine absorbed on SnO2, discussed
bove, indicated that there was the activity centre of Lewis acid
ites on the catalyst surface (in Section 3.3). On the IR spectrum of
zone adsorbed on SnO2, the peaks of 2236 and 2213 cm−1 were
he absorption peaks of CO and O3 adsorbed on SnO2 at Lewis acid
ctivity sites. The peaks at 1809 and 1791 cm−1 were the stretching
ibration peaks of C O bond. The peak at 1628 cm−1 is due to the
ending vibration of H O H and that at 1599 cm−1 is due to the
tretching vibration of C C bond. The peak at 1364 cm−1 was the
haracteristic absorption peak of O2 or CO, and the double peak of
299 and 1273 cm−1 was the ozone characteristic absorption peak.
he surface adsorption becomes more complex and the reason may
e that NOx and CO are present in the ozone prepared from air
28–30]. There are two main methods of ozone adsorption on the
urface of metal oxide [28–34]: one is the bond formation reac-
ion between surface hydroxyl of metal oxide and terminal oxygen
tom of ozone and the other is the bond formation reaction between
ewis acid activity site of metal oxide and terminal oxygen atom of
zone.

.5. Study on the process of SnO2 catalyzed ozonation

.5.1. Effect of initial pH
The effect of pH on the SnO2 catalytic ozonation decolorization

as investigated at room temperature with the pH range of 3–13
nd the 2.50 g L−1 SnO catalyst. The effect of the initial pH on the
hown in Fig. 6.
Under acidic conditions, direct reaction between the ozone

olecular and a particular group takes place selectively while

ig. 6. Influence of pH on decolorization and COD removal of molasses fermentation
astewater.
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nder alkaline conditions OH− is broken down into high activity
OH whose oxidation potential is higher than the non-selectivity
OH of ozone [23]. As Fig. 6 shows, when the pH value was
.25 (the pH value of molasses fermentation wastewater after
eing diluted 10 times), the decolorization yield of wastewater
eached the highest rate of 60.24%. At the same condition, the
OD was decreased from 914 to 507 mg L−1(the molasses fermen-
ation wastewater was diluted 10 times). The COD removal was
4.5%, which was the highest COD removal at different pH. The
ddition of SnO2 accelerated the direct reaction between ozone
nd organic substance in wastewater. When the pH value was 11,
he lowest decolorization yield was 21%, which was the lowest.
he COD removal was only 22.3%. At this pH value, the existing
O3

2−, HPO4
2−, which were free radical scavengers, were more

ominant than HCO3−, H2PO4 [24], which caused the reduction of
adicals and thus the decrease in the decolorization yield and COD
emoval. However, when the pH value was above 11, the decol-
rization yield of wastewater was slightly increased. To sum up,
nder acidic conditions, the effect of pH on catalyzed ozonation
egradation of molasses fermentation wastewater was signifi-
ant.

.5.2. Effect of the air flow rate
The amount of ozone, which was generated by the ozone gen-

rator, was increased with the increase of air flow. The ozone flow
as improved from 27.38 to 230.28 mg L−1 h−1 with the air flow

ncreased from 40 to 120 L h−1. Different ozone concentrations had
ifferent effects on the decolorization yield of wastewater. The

nfluence of the airflow on the decolorization of molasses fermen-
ation wastewater was shown in Fig. 7.

When the air flow rate was increased from 40 to 120 L h−1,
fter 60 min, the decolorization yield of molasses fermentation
astewater was increased from 42.66% to 71.85% by SnO2 catalyzed
zonation. When the air flow rate was below 100 L h−1, the yield of
ecolorization by SnO2 catalyzed ozonation was about 10% higher
han that by ozone oxidation alone. The amount of ozone was sig-
ificantly increased at the airflow rate of 120 L h−1. However, the
rganic compounds in the wastewater reacted with large amount
f ozone directly and the catalytic function of SnO2 did not have a
ull display on the degradation of molasses fermentation wastew-

ter. Taking into account the energy consumption, the catalytic
fficiency and the damage of the ozone generator, the optimal air
ow rate was 80 L h−1.

ig. 7. Influence of air flow on decolorization of molasses fermentation wastewater.
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ig. 8. Influence of catalyst dose on decolorization of molasses fermentation
astewater.

.5.3. Effect of catalyst dosage
The influence of the catalyst dosage on the decolorization of

olasses fermentation wastewater was given in Fig. 8, where the
irflow rate was 80 L h−1 and the wastewater dilution ratio was
:10.

According to Fig. 8, when 0.625 g L−1 SnO2 was added, the decol-
rization yield of wastewater had no significant change compared
ith that without the catalyst, which showed that ozone oxidation

ould not be enhanced at this amount of catalyst. After the addition
mount of SnO2 was above 1.25 g L−1, the decolorization yield of
olasses fermentation wastewater was obviously higher than that
ith the previous amount, which may be related to O3 absorbed

n the surface of SnO2 catalyst. The adsorption quantity of organic
ompounds and O3 was increased with the increase of the addi-
ion amount of the catalyst, and the reaction on the catalyst surface
as also increased, which caused the increase of the degradation.
lthough the degradation was increased with the increase of the
ddition amount of SnO2, a big addition of catalyst would cause a
eries of problems such as the difficulty to separate and recover the
atalyst, and the increase of wastewater treatment cost. Therefore,
he optimal SnO2 additive amount was 2.50 g L−1.

.6. The primary mechanism of the SnO2-catalyzed ozonation

Ozone oxidation is always a kind of free radical reaction and
hus free radical scavengers existing in the wastewater have obvi-
us effects on the decolorization of wastewater by ozone oxidation
6]. Tert-Butyl alcohol is stable under the neutral and acidic condi-
ions, and the reaction constant (k = 5 × 108 L mol−1 s−1) between
ert-butyl alcohol and ·OH is very large. Therefore, tert-butyl alco-
ol is always used as the free radical scavenger. In our experiment,
he dilution ratio of wastewater was 1:20, and 2.5 g L−1 SnO2 cat-
lyst and 10 mg L−1 tert-butyl alcohol was added. The influence of
ert-butyl alcohol on the decolorization of wastewater by SnO2 cat-
lyzed ozonation was investigated, and the result was shown in
ig. 9.

According to Fig. 9, the decolorization yield of molasses fermen-
ation wastewater was decreased with the presence of tert-butyl
lcohol, which indicated that the oxidation decolorization reac-

ion was inhibited by the free radical scavenger of tert-butyl
lcohol. It also showed that there was ·OH in this reaction sys-
em. However, the decolorization yield of wastewater was only
ecreased 8%, which implies that the quantity of •OH, which was
cavenged by tert-butyl alcohol, is little, and the high concentra-
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Fig. 9. Influence of tert-butyl alcohol on SnO2-catalyzed ozonation.

ion O3 and the organic compounds in the wastewater reacted
irectly.

. Conclusions

1) The ozonation catalytic activity of SnO2 prepared by NH4OH
was higher than SnO2 prepared by NaOH or Na2CO3.

2) The decolorization yield of molasses fermentation wastewa-
ter was improved by increasing the dilution ratio of molasses
fermentation wastewater, the O3 concentration and the cata-
lyst dosage. The reaction time had no obvious effect on the
decolorization of wastewater, but the pH value of reactant
had significant effect on the decolorization of wastewater. The
appropriate conditions were a dilution ratio of 1:10 for molasses
fermentation wastewater, an airflow rate of 80 L h−1, a cata-
lyst dosage of 2.5 g L−1 and a pH of 4.2 for the wastewater, and
the decolorization rate was 60.2% under the reaction condition
within 60 min.

3) High activity ·OH was found to have a less amount and low
concentration in the process of SnO2 catalyzed ozonation decol-
orization. In addition, the direct ozone oxidative reaction of
ozone and the organism in the wastewater was dominant in
the oxidation reaction.
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