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Photocatalytic Removal of NO from Flue Gas by TiO, Loaded
on Semi-coke Prepared by Sol-gel Method
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Abstract: TiO, supported on activated semi-coke (ASC) is prepared by the ultrasonic assisted sol-gel method, tetra-n-butyl
titanate as precursor. The effects of TiO, loading amount, calcination temperature and time, and water vapor on the activity of
photocatalytic oxidation of NO have been investigated. Prepared photocatalysts are characterized by X-ray diffraction
(XRD), FT-IR, scanning electron microscopy (SEM) and energy dispersive spectrometer (EDS). With the optimum TiO,
load, 5.22% , calcinated at 500 °C for 1 h, TiO,/ASC photocatalyst performs the best photocatalytic activity with more than
70% NO conversion after a 3-hour reaction. Results indicate that the hydroxyl radical, - OH , and superoxide radical,
- 0, , are responsible for NO photocatalytic oxidation while photodenerated hole has little effect in photocatalytic reaction.

Regeneration test results show that the photocatalysts perform high stability and high-temperature with vapor in is an optimum

regeneration method.
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Since Fujishima and Honda''' discovered the pho-
tocatalytic decomposition of water on titanium dioxide
electrode in 1972, scientific and engineering interests
in semiconductor photocatalysis have grown significant-
ly. Subsequently, revolutionary research studies have
been published in prestigious journals''™’. As is re-
ported, photocatalysis shows the potential in meeting
clean energy demands and tackling environmental
through photocatalytic hydrogen or oxygen produc-

81 and photocatalytic degradation of pollutant in

[9-12]

tion'™
polluted air and wastewater , respectively. Speci-
fically, TiO, is considered to be the most attractive
photocatalyst because of its high oxidative power, pho-
tostability, low cost and low toxicity. However, its
large band gap energy (3.2 eV) and the fast recombi-

nation of photogenerated electron-hole pairs on the sur-
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face or in the lattices of TiO, result in low efficiency in

U130 Activated carbon materi-

practical applications
als, such as activated carbon, activated carbon fiber
(ACF), carbon nanotubes ( CNTs), fullerene, and
graphene with high surface area have been utilized in
photocatalytic system in order to deal with these disad-
vantages and to thus extend the industrial applica-

[11, 14-16]

tions . Furthermore, activated carbon materials

provide a promising alternative for air purification, es-

[17-20]

pecially for the control of NO_ emission Toma

and his coworkers'?"

studied the removal of nitrogen
oxides pollutants via TiO, Degussa P25 power by pho-
tocatalysis, and found that TiO, was a kind of efficient
photocatalyst for the removal of nitrogen oxides. Matsu-
da et. al'”" worked on the photocatalytic removal of

NO,, and discussed the mechanism of the NO_ removal
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by the photocatalyst, which was thought to be divided
into oxidation and adsorption processes, and the ad-
sorption was regarded as more important than the oxi-
dation processes in the experimental system. Many re-
searchers ™' have worked hard to study the photoca-
talytic removal of NO and made significant achieve-
ments. However, utilizing TiO, on semi-coke photoca-
talyst made by sol-gel method for NO removal from flue
gas has never been discussed. Professor Li and his
team' ' have done a lot of work on removal of NO
from flue gas by catalysts based on semi-coke, one of
the most efficient carbon materials with excellent ab-
sorbency to NO. As same as other carbon materials,
poor water resistance is the bottleneck problem for acti-
vated semi-coke removal of NO. Our previous work re-
sults'®! have indicated that TiO, loaded on activated
semi-coke ( ASC) is an efficient and new way to over-
come water resistance.

This paper concentrates on using TiO, loaded on
activated semi-coke as a photocatalyst for removing NO
from flue gas. And in this paper, we have investigated
the effect of loading amount of TiO, on activated semi-
coke, calcination temperature and time for TiO, re-
spectively. We have found that when the mass fraction
of TiO, to activated semi-coke was 5.22% and TiO,
was calcined at 500 °C for 1 h, the photocatalyst per-
formed the best photocatalytic activity. Results indicate
that the hydroxyl radical, - OH , and superoxide
radical, + O, , are responsible for NO photocatalytic
oxidation while photodenerated hole has little effect in
photocatalytic reaction. The stability of the re-prepared
photocatalysts was detected by regeneration in different

ways.

1 Experimental

1.1 Preparation of catalysts

The raw material of Ordos’ s semi-coke was acti-
vated by the nitric acid activation and hydrothermal ac-
tivation. After then, semi-coke was washed by distilled
water and dried at 110 °C overnight. TiO, was pre-
pared by sol-gel method, tetra-n-butyl titanate used as
titanium source, and then activated semi-coke was im-

pregnated in sol for 24 h at room temperature. Ultra-

sonic stirring instead of conventional magnetic stirring
was utilized in sol-gel method. The obtained mixture
was dried at 110 C overnight and calcined at different
temperature in nitrogen for certain time. The loading of
TiO, was varied by the volume of tetra-n butyl titanate
in sol-gel process, such as 14, 12, 10, 8 and 6 mlL,
corresponding to the loading of TiO, 9.38% , 7.82% ,
6.66% , 5.22% , and 3.96% . The calcination tem-
perature and time were parameters tested in this experi-
ment. Activated semi-coke with the optimal amount of
TiO, loaded were calcined at 400, 450, 500, 550,
and 600 °C for 1 h and calcined for 0.5, 1, 1.5 and
2 h at the optimal temperature, respectively. The pre-
pared photocatalysts were noted as TiO,/ASC. The
partical size of raw semi-coke used in this paper is
0.90 ~0. 45 mm. The specific surface area of raw
semi-coke and activated semi-coke is 27 mg/m’ and
364 mg/m’, respectively.
1.2 Catalysts characterization

The scanning electron microscope ( SEM ) and
energy dispersive spectrometer ( EDS) photos were
carried out by HITACHI S-4800. FT-IR spectra
(4 em™
Nicolet iN10 + iZ10 (Thermo) at a spectral resolution

resolution ) of samples were recorded on

of 4 em™" and accumulating 32 scans over the spectral
range of 400 ~4 000 cm™'.
photocatalysts was identified by X-ray diffraction
(XRD) with a diffractometer (type Bruker D2-CRY-
SO) employing Cu K, radiation. The accelerating volt-

The crystallinity of those

age and the applied current were 30 kV and 10 mA,
respectively.
1.3 Activity measurement

The photocatalytic reactor utilized in this experi-
ment process was customized, as shown in Fig. 1. 50
mL photocatalysts was filled into the cylindrical reac-
tor, with 50 mL quartz particles on the bottom, for per
test. It has been proved that quartz particles have no
obvious effect on de-NO. The reaction gas mixture was
consisted of 300 mg/m’ NO, 8% H,0, 5% 0O, and N,
in balance, while the gas hourly space velocity
(GHSV) was 800 h™" and reaction covered at 100 °C.
An 18 W mercury lamp (254 nm) was used as UV-

light source in this system. The feed and product con-
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centrations were carried out by combustion analyzer, i [NO], - [NO],,
o ) ] NO conversion(% ) = x 100%
and the activity was shown as NO conversion which was [NO],,
calculated as follows: (1)
5
- 2
1 Y
i
-
-6
N, 0, NO

Fig. 1 Apparatus for photocatalytic removal of NO.

1. rotameter; 2 triple valves; 3. gas mixer; 4 humidifier; 5: mercury lamp; 6. photocatalyst; 7: gas-distribution plate;

8 circulator; 9 flue gas analyzer; 10 tail gas absorption solution

2 Results and discussion

2.1 Scanning electron microscope ( SEM)

Fig. 2 shows the morphological characteristics of
TiO,/ASC calcined at different temperature for 1 h.
And Fig.3 shows the morphological characteristics of
TiO,/ASC calcined at 500 °C for different time. It re-
veals that TiO, film is obtained other than nano-parti-

cles in this experimental process, and calcination tem-

perature and time affect the fracture extent of TiO,
film. It is clearly that higher calcination temperature
and longer calcination time make more thorough frac-
ture of TiO, film. EDS (Fig.4) further confirmed that
the fracture on activated semi-coke surface was TiO,.
Ca and Al elements detected by EDS belong to impuri-
ties in semi-coke and C element is also from semi-
coke. If no special instructions, the content of TiO, in

TiO,/ASC samples remained at about 5% .

Fig.2 SEM images of photocatalysts calcined at (a) 400 °C, (b) 500 °C, and (c) 600 C for 1 h, respectively
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2.2 XRD study

Fig.5 and Fig. 6 display the effect of calcination
temperature and time on the crystal structure of TiO,
films loaded on activated semi-coke, respectively. Fig.
5 exhibits that, with the calcination temperature in-
creasing from 400 to 600 °C, the intensity and the
width of the diffraction peaks of anatase become higher
and narrower, respectively. Barely rutile TiO, was ob-
served at 600 °C, and the reason is that the activated

semi-coke inhibited the phase transition and thus the

5000 & — 4A(§) COC
*:Sio, —
4000 +: Anatase TiO, ——450°C
& 3000 -
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&
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20/° )
Fig. 5 XRD patterns of activated semi-coke and TiO,/ASC

calcined at different temperature for 1h, respectively
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Fig. 6 XRD patterns of activated semi-coke and TiO,/ASC

calcined at 500 °C for different time, respectively

phase temperature of anatase to rutile was higher than
pure Ti0,""**' With the calcination time increasing
from 0.5 h to 2 h at 500 °C, the trend is similar to that
with the calcination temperature increasing.
2.3 FT-IR spectrum

Fig. 7 reports the IR spectra of TiO,/ASC, cal-
cined at 500 °C for 1 h, before and after photocatalytic
removal of NO. In order to eliminate the influence of

water vapor adsorption on TiO,/ASC catalysts, blank
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Fig. 7 FT-IR spectra of TiO,/ASC photocatalyst before (a),

after (b) photocatalytic removal of NO and blank test (c¢)

test was carried out at the same time. Ti0O,/ASC cata-
lysts were exposed to reaction mixed gas for 2 h in
dark. 3 373 ecm™ is due to the OH stretching band in
the TiO,/ASC catalysts after reaction IR spectra and
blank test, which means that both adsorbed water and
hydroxyl radical exit at the same time. Nitrate symmet-
ric and antisymmetric stretching vibration peak appear
at 1 560 cm™ and 1 384 ¢cm™" | respectively. The pre-
sence of these peaks proves that NO was oxided into
NO, during the photocatalytic reaction. 1 085 ¢m™ can
be described to be ether groups, which has barely
changes during the reaction.
2.4 Photocatalysts activities

Fig. 8 exhibits the photocatalytic activities of re-

moval of NO on different loads of TiO,/ASC photocata-
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Fig. 8 The de-NO activities of photocatalysts with different

amount of TiO, loaded on semi-coke

lysts calcined at 500 °C for 1 h. When 8mL tetra-n-bu-
tyl titanate was added into the solution in the sol-gel
method, the photocatalyst obtained exhibited better de-
NO activities than other photocatalysts, with more than
70% conversion after 3 h photocatalytic reaction. The
photocatalytic activities of removal of NO order are fol-
lowing: 5.2% >4.0% > 6.7% > 9.4% > 7.8%.
As shown in Fig. 8, 5.2% TiO, loaded on activated
semi-coke performs the best effect on photocatalytic re-
moval of NO in this experimental process. Activated
semi-coke, with 0% TiO, loaded, exhibits better acti-
vities even than 7. 8% Ti0O,, and that is acceptable
because of the strong capacity of activated semi-coke
on removal of NO"*' .

Fig. 9 reveals that photocatalysts calcined at 500
°C provides better de-NO activities than others. The
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Fig. 9 The de-NO activities of photocatalysts calcined at

different temperatures for 1 h

de-NO activities of photocatalysts increases with in-
crease of calcination temperature from 400 to 500 °C ,
but decreases with increase of calcination temperature
from 500 to 600 C. It is clearly seen from Fig. 10 that
photocatalyst calcined at 500 °C for 1 h exhibits better
de-NO activities, which is in good agreement with
XRD results. As calcination temperature and time af-
fect the crystal structure thus effect the photocatalytic
activity, there is another explanation for the photocata-
lytic activity increases with the increasing calcination
temperature and time and then showed the opposite
trend, decreases with the increasing calcination tem-

perature and time. It has been well reported that sur-
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face bound OH groups play a vital role in photocatalytic
reactions over titanium dioxide'™ | and the surface
density of molecular water and hydroxyl groups on TiO,

and activated semi-coke decreased as calcination tem-

. . 25
perature and time were increased .
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Fig. 10 The de-NO activities of photocatalysts calcined
at 500 °C for different time

The mechanism of photocatalysis has been dis-
cussed in different ways, especially by fluorescence

7791 Salieylic acid (SA), triethanolamine

technique'
(TEA) and p-benzoquinone (PBQ) are the common
trapping agent of the hydroxyl radicals ( « OH ), the
photogenerated hole (h") and atomic oxygen radical
anion ( + 0, ) respectively. We test the de-NO activi-
ties of TiO,/ASC by adding SA, TEA and PBQ into
humidifier, respectively, and the results are shown in

Fig. 11. In the first 90 min reaction process, humidifi-

er is filled with pure water but 0.1% salicylic acid,

—=—SA
100+ .—‘—-h;; - :—:, - o TEA
ST\ —a—PBQ
e\ R
o 1
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Fig. 11 The de-NO activities of Ti0,/ASC with addition of - OH,
h* and

- 0, trapping agents in reaction system, respectively

5% triethanolamine and 5% p-benzoquinone aqueous
solutions in the next 60 min reaction process, respec-
tively. The NO conversion decreased sharply after
salicylic acid and p-benzoquinone aqueous, -+ OH and
- 0, trapping agent, were added into humidifier while
no obvious fluctuations were detected when triethano-
lamine, h* trapping agent, was added into humidifier.
+ 0, radi-

cals are responsible for NO oxidation in this reaction

The results have confirmed that + OH and

process other than h".

As reported in literature, the surface bound + OH
radicals act as efficient trapping sites for the photoge-
nerated holes, thereby suppressing the energy wasting
electron-hole recombination process, and yielding an
increased lifetime for the photogenerated electron, the

mobile charge carrier "’

, which is then migrate to the
surface of the photocatalyst particle and undergo a re-
dox reaction with an adsorbed electron acceptor mole-

cule'®’

. Based on our previous work, activated semi-
coke has preferable ability on adsorption and catalytic
removal of NO. According to the results, we discuss
the mechanism of photocatalytic removal of NO by
TiO,/ASC and it can be described that NO adsorbs on
the surface of TiO,/ASC and then transforms into NO,
- 0, . The schematic di-

agram of TiO,/ASC catalysts photocatalytic removal of

with oxidation by + OH and

NO is shown in Fig. 12. The process can be detailed
by the following equations.

UV light irradiation

Fig. 12 Schematic diagram of TiO,/ASC photocatalytic

removal of NO
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TiO,+ hv — h" + e~ (2)
H,0 + h"— - OH + H* (3)
O,+e— -0, (4)
-0, + H,0 — - HO,+ OH" (5)
- HO,+ H,0 — H,0,+ - OH (6)
H,0,—2 - OH (7)
NO + - 0,”— NO,~ (8)
NO, + H'— HNO, (9)
NO + - OH — HNO, (10)
HNO,+ - OH — NO,+ H,0 (11)

As photogenerated hole has little effect in photocat-
alytic removal of NO by TiO,/ASC, eq. (3) can be ig-
nored. Some of the photogenerated holes recombined
with photogenerated electrons to liberate heat and others
were caught by mr-bond electrons of carbocyclic ring on
semi-coke surface to finish nonradiative recombination.

As the stability is one of the most important refe-
rence points, regeneration test is carried out. Three re-
generation method, ammonia, high temperature (400
°C ), high temperature (400 C ) with 8% vapor, were
utilized to measure the stability of the photocatalyst
with loading 5.2% Ti0O, calcined at 500 C for 1 h. In
ammonia regeneration, photocatalysts were steeped in
2. 28 mol/L hartshorn compounded by ammonia and
distilled water for 24 h, and then washed by distilled
water. In high temperature regeneration, photocatalysts
were calicined at 400 C in N, for 1 h. 8% vapor was
added in high temperature with vapor regeneration.
These three regeneration methods perform different re-

generated capacity shown in Fig. 13. High temperature
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Fig. 13 The de-NO activities of photocatalysts with

different regeneration methods

with 8% vapor could be the best regeneration method
of these three methods. Photocatalytic activities of re-
moval NO scarcely changed after one-time regenera-
tion. Multiple time regeneration was put on and the re-

sults were shown in Fig. 14.

100 g—%—wu__ —a—Fresh
X "\‘ @ 1st regeneration
90 1 \\ N —a—2nd regeneration
* Y v 3th regeneration
A
s 8oF O
E Y nA; \
Z 10 8 LN
3 A
z Y A L N
S or AN N
o ) A \—'
Z 50 v Y
ba A
v
40 - v
v
30 | 1 1 1
0 50 100 150 200 250
Time/min
Fig. 14 The de-NO activities of photocatalysts after

different regeneration times

3 Conclusion

TiO, supported on activated semi-coke is an effec-

tive stable photocatalyst on photocatalytic oxidation of
NO and displays a promising application prospect. The
activity can maintain for more than 3 h with NO con-
version 70% . The photocatalytic reaction mechanism
can be regarded that NO is adsorbed on the surface ac-
tive sites of activated semi-coke or titanium dioxide and
then oxided by hydroxyl radical and active oxide. The
results observed in this paper can be further evidence
support that the hydroxyl radical and atomic oxygen
radical anions play a vital role in photocatalytic reac-
tion over titanium dioxide while photogenerated hole

has little effect in photocatalytic removal of NO.
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