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Significance

A novel approach for ultra-deep desulfurization of diesel fuel was proposed, in which the original fuel was treated by
light irradiation before adsorptive desulfurization (ADS) over the TiO,—CeO,/MCM-48 adsorbent under ambient condi-
tions. A superior capacity of 95 cnt’~fuellg-adsorbent (32 times higher than that of the original fuel) was achieved. The
promoting effect of light irradiation was likely through in situ peroxides generation in fuel under visible light/sunlight,
which may oxidize organosulfur to form strongly adsorbed sulfones over the adsorbent.
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because they are converted to SO, after combustion,

which not only results in acid rain but also poisons the
catalysts in the exhaust gas converter for abating CO, NO,,
and particulate matter.! Since 2006, US EPA regulations
have required the sulfur content in diesel fuel to be less than
15 parts per million by weight (ppmw). Meanwhile, the
sulfur content in crude oils is getting higher and higher. Due
to the discrepancy between the high-sulfur content in the
crude oils and the required low-sulfur content in liquid fuels,
desulfurization has become a more serious task. Some prom-
ising applications require even more stringent constraint on
sulfur content, that is, proton-exchange membrane fuel cells
can only tolerate <1 ppmw-S to avoid the poisoning of
reforming catalysts, water gas shift catalysts, and electrode
catalysts.2 Therefore, ultra-deep desulfurization for the pro-
duction of ultra-clean diesel fuel with <1 ppmw-S becomes
an important research subject worldwide. For ultra-deep
desulfurization of diesel fuel, the commercial desulfurization
technology in refinery, hydrotreating, becomes less efficient
and energy intensive as it requires much larger catalyst bed,
higher temperature and pressure, and more hydrogen to

Sulfur impurities in diesel fuel have caused concerns
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remove refractory sulfur compounds, that is, the major sulfur
compound 4,6-dimethyldibenzothiophene (4,6-DMDBT) in
diesel.®> As a complement, adsorptive desulfurization (ADS),
using solid adsorbents to remove sulfur compounds in fuels
via selective adsorption, has attracted significant attention for
ultra-deep desulfurization. ADS can be carried out under mild
conditions without using costly hydrogen and has the capabil-
ity to reduce sulfur content to <1 ppmw. ADS adsorbents for
liquid fuels desulfurization include n-complexation adsorb-
ents,‘LG immobilized m-acceptor adsorbents,” metal organic
frameworks,8 Ni-based adsorbents,9 carbon adsorbents,lo‘12
aluminosilicates,'> and so on. However, most of the adsorb-
ents are not effective for diesel fuel due to (a) the steric
hindrance of alkylated sulphur compounds,'*'> (b) and/or the
competitive adsorption between the trace amount of sulfur
compounds (<15 ppmw) and the relatively large amount of
polyaromatics (about 5-10 wt %).'® Therefore, it is highly
desired to develop new selective ADS adsorbents and proc-
esses for the production of ultra-clean diesel fuel (<1 ppmw-
S) from current commercial diesel fuels.

Recently, we have developed air regenerable TiO,—CeO,
mixed metal oxides adsorbents for ADS of jet fuels showing
good ADS performance.”’18 Compared to pure TiO,, the
addition of 10 mol % CeO, to TiO, can significantly
enhance the ADS performance by more than doubling the
adsorption capacity. Computational studies suggested that
oxygen could be chemisorbed on TiO, surface, which leads
to the formation of a sulfone-like species on O-rich sites.' %
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Figure 1. Breakthrough curves of total sulfur compounds
over the Ti0,-CeO,/MCM-48 adsorbent from the
original and light-irradiated diesel fuel at 25°C
and a LHSV of 9.6 h™*,

[Conditions for light irradiation of fuel: 100 g of fuel in a
250 ml flask, 150 W Xenon lamp, distance (between the
lamp and the center of the flask) of 30 cm, air flow rate
of 10 ml/min.] [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

The promoting effect of CeO, addition may be attributed to
its enhancement in the formation of sulfone-like species,
which have higher polarity and are more prone to surface
adsorption than the original sulfur compounds.”' Given that
the primary product of hydrocarbon auto-oxidation in petro-
leum induced by light is peroxides,zzf24 which can be a type
of active oxygen species for the formation of sulfone-like
species, we thus explored a new approach for selective and
ultra-deep desulfurization of diesel fuel by ADS over TiO,—
CeO,-based adsorbents. In the approach, diesel fuel was first
treated by light irradiation, and then applied for ADS over
the TiO,—CeO,/MCM-48 adsorbent under ambient condi-
tions. The effectiveness of the new approach for selective
and ultra-deep desulfurization of diesel fuel was demon-
strated in this Letter. The adsorption performance was com-
pared and evaluated in a fixed-bed flow adsorption system.
The promotion effect of light irradiation was investigated
based on detailed sulfur analyses and verified by a model
compound study.

The experimental details of TiO,—CeO,/MCM-48 adsorb-
ent synthesis, light irradiation treatment of fuel, flow system
desulfurization tests, and sulfur analyses were described in
Supporting Information. Figure 1 shows the breakthrough
curve of total sulfur over the TiO,—CeO,/MCM-48 adsorbent
from the light-irradiated diesel fuel at room temperature,
where the breakthrough curve obtained from the original die-
sel fuel is also presented for comparison. For the original
diesel fuel, the TiO,—CeO,/MCM-48 adsorbent exhibited a
breakthrough capacity at 1 ppmw-S at around 3 cm®-F/g-A,
which corresponds to 0.036 mg-S/g-A. In sharp contrast, the
breakthrough capacity for the light-irradiated diesel fuel was
dramatically increased, reaching 95 cm®-F/g-A or 1.143 mg-
S/g-A, 32 times greater than that for the original diesel fuel.
The results clearly indicate that light irradiation of diesel
fuel before ADS can significantly increase the adsorption
capacity of TiO,—CeO,/MCM-48 adsorbent for ADS of die-
sel fuel. Moreover, with the new approach, the ADS capacity
can be further improved, which will be addressed in our
future work.
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The adsorption performance of an adsorbent is determined
by the total accessible adsorption sites on the adsorbent, and
the interaction between the adsorbent and the adsorbate,
which varies with the properties of adsorbent and adsorbate.
Over the same TiO,—CeO,/MCM-48 adsorbent, the adsorp-
tion capacity was significantly improved for the diesel fuel
after light irradiation, hinting a significant change in the
properties of the adsorbates, that is, the sulfur compounds in
the fuel. In order to understand the change of sulfur com-
pounds and the sulfur chemistry involved in the adsorption
over TiO,—CeO,/MCM-48 adsorbent from light-irradiated
diesel fuel, sulfur species in the fuel before and after ADS
were examined.

Figure 2 shows the Gas chromatography-pulsed flame pho-
tometric detector (GC-PFPD) chromatographs of the original
and light-irradiated diesel fuels, and the desulfurized fuel
samples from the light-irradiated diesel fuel at different
time-on-streams. The original diesel fuel used in this study
contained mainly 4,6-DMDBT along with other alkyl-substi-
tuted DBTs including 4-E,6-MDBT, 2,4,6-TMDBT, 4,6-
DEDBT, and 6-E,2,4-DMDBT, consistent with what has
been reported in the literature.’ The light-irradiated diesel
fuel had the same GC-PFPD profile as the original diesel,
suggesting that light irradiation did not alter the sulfur com-
pounds in the fuel. For the desulfurized fuel sample collected
at the point of 103 cm’-F/g-A which had a sulfur level of
2.4 ppmw-S, the major sulfur compounds were 4,6-DMDBT
and 4-E,6-MDBT. In the GC-PFPD profile of the desulfur-
ized fuel sample collected at the point of 160 cm’-F/g-A
with a sulfur level of 9.5 ppmw, all the sulfur compounds
presented in the original diesel appeared. It implies that 4,6-
DMDBT and 4-E,6-MDBT broke through earlier than 2,4,6-
TMDBT, 4,6-DEDBT, and 6-E,2,4-DMDBT, that is, a lower
desulfurization selectivity to 4,6-DMDBT and 4-E,6-MDBT
compared to other refractory sulfur compounds with
increased number and size of the alkyl substituent groups.
The trend is opposite to those reported on Ni-based sorbent
for ADS® and catalysts for HDS.'® This may further suggest
that the electron density on the conjugated aromatic system,
which is influenced by the number and size of the alkyl sub-
stituents on DBT, may affect the interaction between the sul-
fur atom and the active sites on TiO,—CeO,/MCM-48.

It is interesting to note that in addition to the initial refrac-
tory sulfur compounds in the diesel fuel, some new sulfur
species with longer retention time were also observed in the
GC-PFPD profile of the desulfurized fuel sample collected at
the point of 160 cm3—F/g—A, which were suggested as sulfone
species.25 The formation of the new sulfur species suggests a
possible chemical transformation of sulfur compounds during
the adsorption process over the TiO,—CeO,/MCM-48 adsorb-
ent. In addition, it is noticeable in Figure 2 that new sulfur
species made breakthrough later than initial sulfur species
from light-irradiated fuel, due to the stronger adsorption
affinity of sulfones with a higher polarity (The dipole magni-
tude of DBT is 0.901 D, whereas that of DBTO, is 5.453
D?!). It should be mentioned that after light irradiation of
diesel fuel, the sulfur compounds remain the same as initial
sulfur species as shown in the second chromatograph in Fig-
ure 2, which suggested that the chemical transformation of
sulfur species happened on the TiO,—CeO,/MCM-48 surface.
The chemical transformation of sulfur species, its effects on
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Figure 2. GC-PFPD chromatographs of the original diesel fuel, the light-irradiated diesel fuel, and the collected desulfurized
diesel fuel samples over the TiO,-Ce0,/MCM-48 adsorbent from light-irradiated diesel fuel.

ADS, as well as the significant effect of supports for TiO,—
CeO, on ADS shall be further described in a full article.

For the chemical transformation of organosulfur to sulfone
species, active oxygen species are required. It has been
reported that organic peroxides can be generated in petro-
leum by light irradiation via photolysis.”** Aromatic com-
pounds are sensitive to photo-oxidation, in particular those
larger and more substituted polyaromatic compounds,?® that
is, 4-ring aromatics tetracene in diesel fuel. Additionally, or-
ganic peroxides, that is, cumene hydroperoxide (CHP), were
reported to oxidize refractory sulfur compounds to corre-
sponding sulfones in the presence of a catalyst.”” Therefore,
we analyzed the peroxide number of the original and light-
irradiated diesel fuel. No peroxide was detected in the origi-
nal diesel fuel, while it became 12 mmol/kg in the light-irra-
diated diesel fuel. The result confirmed our hypothesis on
peroxides formation during the light irradiation treatment.
Based on that, we have also investigated the effect of light
source on peroxides generation in the fuel. Figure 3 shows
the amount of peroxides generated in the diesel fuel as a
function of exposure time under different light sources at an
air flow rate of 10 mL/min. Without light, no peroxides were
generated even at 100°C. In contrast, peroxides were gener-
ated in diesel fuel and increased almost linearly with
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exposure time by light irradiation under different light sour-
ces including mimic sunlight, visible light, as well as room
light. The peroxides formation rate (r), taking the slope in
time curve,

conc. Vs. follows the order of mimic
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Figure 3. Amount of peroxides (mmol-peroxides/kg) gener-
ated in diesel fuel as a function of exposure time
under different light sources at 25°C (The inset:
the peroxides formation rate as a function of light
intensity).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 4. Breakthrough curves of total sulfur compounds
over Ti0,-Ce0,/MCM-48 from light-irradiated
diesel fuel and cumene hydroperoxide (CHP, 12
mmol/kg) added diesel fuel at 25°C and 9.6 h™*
of LHSV.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

sunlight > mimic visible light >room light. Given that the
measured light intensity was 65.1, 33.5 and 5.0 mW/cm? for
mimic sunlight, mimic visible light, and room light, respec-
tively, the peroxides formation rate was correlated to the
light intensity, as shown in the inset of Figure 3. The linear
relationship indicates that peroxides generation in the fuel is
strongly dependent on the light intensity applied but insensi-
tive to the photon energy (or wavelength).

To verify the promotion effect of in situ generated
peroxides via light irradiation on ADS, a model peroxide
compound, CHP was added into the original diesel fuel at a
concentration of 12 mmol/kg, the same as the peroxide
concentration observed in the light-irradiated diesel fuel. The
CHP-added diesel fuel was then examined for ADS over the
TiO,—CeO,/MCM-48 adsorbent under the same conditions.
Figure 4 shows the ADS breakthrough curve over the TiO,—
CeO,/MCM-48 adsorbent from the CHP-added diesel fuel.
For comparison, the breakthrough curve obtained from the
light-irradiated diesel fuel is also presented. The ADS
performance was similar between these two fuels. The break-
through point was 95 and 101 cm3-F/g-A or 1.143 and 1.216
mg-S/g-A for the light-irradiated diesel fuel and the CHP-
added diesel fuel, respectively. The result supports that or-
ganic peroxides generated in diesel fuel by light irradiation
did play an important role in ADS over the TiO,—CeO,/
MCM-48 adsorbent under ambient conditions. It is also no-
ticeable that the adsorption capacity from the light-irradiated
diesel fuel was somewhat lower than that from the CHP-
added diesel fuel. It may be due to the competitive
adsorption over the TiO,—CeO,/MCM-48 adsorbent between
sulfone species and small amount of by-products, such as
phenolic compounds, carboxylic acids, ketones, and alco-
hols*® which may be produced from possible side reactions
accompanying peroxides generation during light irradiation.
It should be mentioned that the in situ generated trace
amount of organic peroxides in fuel during light irradiation
can be harmful due to their health and safety issues, thus
proper cautions should be taken when handling the irradiated
fuel. Meanwhile, our results indicated that no peroxides were
detected after ADS, indicating the peroxides were consumed
during ADS, which suggested the ultra-clean fuel can be
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safe to handle/use. It should also be addressed that the
regeneration tests suggested that the TiO,—CeO,/MCM-48
adsorbent can be regenerated by the air oxidation.

In summary, a new approach for ultra-deep ADS of diesel
fuel was explored, in which the original diesel fuel was first
treated by light irradiation followed by selective adsorption
over MCM-48 supported TiO,—CeO, mixed oxide adsorbent
under ambient conditions. After light irradiation of the com-
mercial diesel fuel, the TiO,—CeO,/MCM-48 adsorbent was
able to selectively remove refractory sulfur compounds to
<1 ppmw with a superior adsorption capacity of 95 cm’-F/
g-A or 1.143 mg-S/g-A, which is over 30 times higher than
that for the original commercial diesel fuel. The dramatic
promoting effect of light irradiation is probably through in
situ generation of peroxides in the fuel under both mimic
sunlight and visible light. The generated peroxides subse-
quently transform organosulfurs to sulfone or sulfone-like
species, which can be readily adsorbed over the TiO,—CeO,/
MCM-48 adsorbent.

Acknowledgments

This work was supported in part by the U.S. Department of Energy,
National Energy Technology Laboratory, the U.S. Office of Naval
Research, and the U.S. National Science Foundation—U.S. Environmen-
tal Protection Agency Joint TSE program. The authors would like to
thank Dr. Yixin Zhao and Prof. Tom Mallouk from Chemistry Depart-
ment at Penn State for helpful discussions on the light irradiation work.

Literature Cited

1. Song CS. An overview of new approaches to deep desul-
furization for ultra-clean gasoline, diesel fuel and jet
fuel. Catal Today. 2003;86:211-263.

2. Song CS, Ma XL. New design approaches to ultra-clean
diesel fuels by deep desulfurization and deep dearomati-
zation. Appl Catal B Environ. 2003;41:207-238.

3. Pawelec B, Navarro RM, Campos-Martin JM, Fierro
JLG. Towards near zero-sulfur liquid fuels: a perspective
review. Catal Sci Technol. 2011;1:23-42.

4. Hernandez-Maldonado AJ, Yang R.T. New sorbents for
desulfurization of diesel fuels via pi-complexation.
AIChE J. 2004;50:791-801.

5. Yang RT, Hernandez-Maldonado AJ, Yang FH. Desul-
furization of transportation fuels with zeolites under am-
bient conditions. Science. 2003;301:79-81.

6. Yang X, Erickson LE, Hohn KL, Jeevanandam P, Kla-
bunde KJ. Sol-gel Cu-Al,O; adsorbents for selective
adsorption of thiophene out of hydrocarbon. Ind Eng
Chem Res. 2006;45:6169—-6174.

7. Favre-Reguillon A, Sevignon M, Rocault M, Schulz E,
Lemaire M. Deep desulfurization of diesel feedstock by
selective adsorption of refractory sulfur compounds. /nd
Eng Chem Res. 2008;47:9617-9622.

8. Matzger AJ, Cychosz KA, Wong-Foy AG. Liquid phase
adsorption by microporous coordination polymers: re-
moval of organosulfur compounds. J Am Chem Soc.
2008;130:6938—-6941.

9. Sentorun-Shalaby C, Saha SK, Ma XL, Song CS. Meso-
porous-molecular-sieve-supported nickel sorbents for ad-
sorptive desulfurization of commercial ultra-low-sulfur
diesel fuel. Appl Catal B Environ. 2011;101:718-726.

May 2013 Vol. 59, No. § AIChE Journal



10.

11.

12.

13.

15.

16.

17.

18.

19.

AIChE Journal

Bandosz TJ, Seredych M, Lison J, Jans U. Textural and
chemical factors affecting adsorption capacity of acti-
vated carbon in highly efficient desulfurization of diesel
fuel. Carbon. 2009;47:2491-2500.

Zhou AN, Ma XL, Song CS. Liquid-phase adsorption of
multi-ring thiophenic sulfur compounds on carbon mate-
rials with different surface properties. J Phys Chem B.
2006;110:4699-4707.

Wang L, Yang RT, Sun CL. Graphene and other carbon
sorbents for selective adsorption of thiophene from liquid
fuel. AICKE J. 2013;59:29-32.

Li W, Liu Q, Xing J, Gao H, Xiong X, Li Y, Li X, Liu
H. High-efficiency desulfurization by adsorption with
mesoporous aluminosilicates. AIChE J. 2007;53:3263—
3268.

. Kabe T, Aoyama Y, Wang DH, Ishihara A, Qian W,

Hosoya M, Zhang Q. Effects of H,S on hydrodesulfuri-
zation of dibenzothiophene and 4,6-dimethyldibenzothio-
phene on alumina-supported NiMo and NiW catalysts.
Appl Catal A Gen. 2001;209:237-247.

Ma XL, Sakanishi KY, Mochida I. Hydrodesulfurization
reactivities of various sulfur-compounds in diesel fuel.
Ind Eng Chem Res. 1994;33:218-222.

Xiao J, Song CS, Ma XL, Li Z. Effects of aromatics,
diesel additives, nitrogen compounds, and moisture on
adsorptive desulfurization of diesel fuel over activated
carbon. Ind Eng Chem Res. 2012;51:3436-3443.
Watanabe S. Adsorption of Thiophenic Compounds on
TiO,-CeO, Mixed Oxides. PhD thesis, Pennsylvania
State University, 2007.

Watanabe S, Ma XL, Song CS. Characterization of
structural and surface properties of nanocrystalline
TiO(2)-CeO(2) Mixed Oxides by XRD, XPS, TPR, and
TPD. J Phys Chem C. 2009;113:14249-14257.

Guo JH, Watanabe S, Janik MJ, Ma XL, Song CS. Den-
sity functional theory study on adsorption of thiophene

May 2013 Vol. 59, No. 5

20.

21.

22.

23.

24.

25.

26.

27.

28.

on TiO(2) anatase surfaces. Catal

2010;149:218-223.

Guo JH, Janik MJ, Song CS. Density functional theory
study on the role of ceria addition in Ti,Ce, 1O, adsorb-
ents for thiophene adsorption. J Phys Chem C.
2012;116:3457-3466.

Zhou AN, Ma XL, Song CS. A novel method for oxida-
tive desulfurization of liquid hydrocarbon fuels based on
catalytic oxidation using molecular oxygen coupled with
selective adsorption. Catal Today. 2007;123:276-284.

Alynea HN, Backstrom HLJ. The inhibitive action of
alcohols on the oxidation of sodium sulfite. J Am Chem
Soc. 1929;51:90-109.

Backstrom HLJ. The chain-reaction theory of negative
catalysis. J Am Chem Soc. 1927;49:1460-1472.

Payne JR, Phillips CR. Photochemistry of petroleum in
water. Environ Sci Technol. 1985;19:569-579.

Sundararaman R, Ma XL, Song CS. Oxidative desulfur-
ization of jet and diesel fuels using hydroperoxide gener-
ated in situ by catalytic air oxidation. Ind Eng Chem
Res. 2010;49:5561-5568.

D’Auria M, Emanuele L, Racioppi R, Velluzzi V. Photo-
chemical degradation of crude oil: comparison between
direct irradiation, photocatalysis, and photocatalysis on
zeolite. J Hazard Mater. 2009;164:32-38.

Chica A, Corma A, Domine ME. Catalytic oxidative
desulfurization (ODS) of diesel fuel on a continuous
fixed-bed reactor. J Catal. 2006;242:299-308.

Lichtenthaler RG, Haag WR, Mill T. Photooxidation of
probe compounds sensitized by crude oils in toluene and

as an oil film on water. Environ Sci Technol. 1989;23:
39-45.

(001) Today.

Manuscript Received Jan. 31, 2013, and revision received Feb. 20, 2013.

Published on behalf of the AIChE

DOI 10.1002/aic 1445



