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Removal of sulfur-containing compounds from liquid fuels is
currently achieved by using hydrodesulfurization (HDS) with a
Co—Mo/Al O3 or Ni—Mo/Al,05 catalyst! HDS is highly efficient
in removing thiols, sulfides, and disulfides but is less effective for
aromatic thiophenes, especially those containing functional groups
that hinder the sulfur atoms (i.e., 4,6-dimethyl-dibenzothiophene).
To reduce the sulfur content to meet the new federal government
regulationg;® the reactor size needs to be increased by factors of
5—154The new challenge is to use adsorption to selectively remove
these sulfur compounds.

Recently, Herhadez-Maldonado and Yang showed that aqueous-
phase copper(ll)-exchanged Y-zeolites, when autoreduced to
Cu(l)-Y, are capable of removing 0.20 mmol of organo-sulfur
species from a commercial diesel fuel (297.2 ppmw total sulfur)
per gram of zeolité-7 This corresponds to about 3 thiophenic '
molecules per unit cell. Afterward, the fuel contained a total Figure 1. Faujasite supercage with copper ions occupying 6-ring windows

.__.. _ sites (A);o-donation ofz-electrons of thiophene to the 4s orbital of copper-
sulfur content O_f less than 1 ppmw-S. Th_e deep-desulfurization () (B); d—=* back-donation of electrons from 3d orbitals of copper(l) to
levels were obtained because of-&omplexation between the Cu 7* orbitals of thiophene. Here 3d represents dy, or dq, or 3 of the 5 3d
ions (1€222pf33pP3d1%4%) and the thiophenic aromatic rings.  orbitals.
As seen in Figure 1, through thecomplexation mechanism the
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cations can form the usualbonds with their empty s-orbitals and, 1222 ] 17
in addition, their d-orbitals can back-donate electron density to the 1.50
antibondingr-orbitals (*) of the sulfur rings. Experimental data I 800 125 I
and molecular orbital (MO) calculations have shown thatom- o égg' | o
plexation with cuprous ions is stronger with organo-sulfur molecules € ] 1005
(i.e., thiophenic molecules) than with aromatics without sulfur (e.g., 3 5007 0.75 OE
benzeney. < 4007 ’ °
The copper zeolites used in previous studies were prepared by g 8001 0.50 )
liquid-phase ion exchange (LPIE) of N& with copper(ll) nitrate 3 201 L 0.25
(followed by reduction to Ct) and had a unit cell composition of 100
CupiNag Al 56SiiadOssd. If all the copper is reduced to Guthen 0400' oo oo 700 8000'00

38% of the charge compensation comes from cuprous ions, and Exchange Temperature / 'C —»

the other 6_2% comes from sodium |0ns. and free hydroxyl groups gigure 2. Cu()-Y (VPIE) surface area and copper concentration as a
or extra lattice oxygen (ELO)1°Complete ion exchange in aqueous  function of exchange temperature.

phase is usually difficult because of the hydration state of the cupric

ions and because of complex hydrolysis mechanisms that arisebecause of hydrolysis of the copper species in the presence of
during the process. Thus, other means of introducing copper(l) ionsadsorbed water. The reactor was then heated in an inert, dry
directly are essential. Guidry and Pritand Spoto et ai?13used atmosphere, from room temperature to 2@0at 1°C/min and the
vapor-phase ion exchange (VPIE) techniques to fully exchange temperature held at that point for-& h. Afterward, the temperature
ZSM-5 (MFI) zeolites with copper(l) ions. Afterward, the zeolite was slowly increased above the normal melting point of CuCl (430
needed to be oxidized to a &ustate before exposing it to  °C) and kept at a specific temperature for another 10 h. The zeolite
atmospheric air. This avoids disproportionation of"Ga Cl** and was then treated in oxygen at 200 for 4 h before cooling down
CW.11 The Cu species are then recovered by traditional reduction to room temperature. During the oxidation stage the cupric ions
methods. Here we report the use of these techniques to synthesizeeact to form oxonium ions [CaO—Cu?*, which could further

a faujasite zeolite containing almost 57 copper ions per unit cell interact with moist air to form stable [Cu(OH)Jions!! After

and use of the same to desulfurize a commercial diesel fuel. recovery, all the as-prepared zeolites were analyzed for elemental
H—Y was first obtained by heating a NHY zeolite powder composition using neutron activation analysis (NAA). In addition,
(Si/Al = 2.40, Strem Chemicals) in air at 45C€ at 1 °C/min. liquid nitrogen adsorption at 196 °C provided sorbent surface area

Layers of the proton-form zeolite and CuCl (99.99%, Sigma- information.
Aldrich) were loaded into a reactor each separated by thin quartz  Figure 2 shows copper-to-aluminum molar ratio and surface area
wool walls. Direct contact of the zeolite and salt is not desired data as a function of VPIE temperature. At lower temperatures,
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Figure 3. Temperature-programmed reduction of VPIE coppérzeolite

with 5 vol % H, (in He) at a heating rate of 18C/min.
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the amount of copper(l) chloride evaporated was not sufficient for
complete exchange, and this was evident from the CuCl material
left in the corresponding reactor section. Increasing the VPIE
temperature to 550 or 60T resulted in zeolites with Cu/Al ratios
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Figure 4. Breakthrough of total sulfur in a fixed-bed adsorber with
Cu(l)=-Y (VPIE) or y-Al,0s/Cu(l)-Y (VPIE) adsorbents, for diesel feed
at room temperatureC; is the total sulfur concentration of the feed.

with a GC-FPD system. Thorough information about the sulfur
species identification and total content analyses can be found
elsewheré. Figure 4 shows a total sulfur breakthrough curve for

greater than unity. This was due to a temperature not high enoughthe diesel fuel treated with a VPIE cuprous zeolite.

to evaporate the CuCl excess from within the voids/cages of

The new sorbent provides a desulfurization capacity of 0.29

Y-zeolite. Clear evidence of this is the noticeable decrease in surfacemmol of sulfur per gram of zeolite. This corresponds to about 5

area between 550 and 60CC (see Figure 2). However, a
temperature of about 70 results in almost 95% ion exchange
(CusgH3[Al 57Sii350384) and a higher surface area. At 700, CuCl

thiophenic molecules per unit cell. After treating 18°%af fuel,
the cumulative average sulfur concentration detected was 0.032
ppmw-S. This evidences the presence of additional exposed cuprous

excess is completely evaporated, and this was corroborated by thgons (in sites Il and Il), which were not as abundant in the Cti{l)

absence of the salt from its original reactor location at the end of
the VPIE process and by a white crystalline ring formed at the
reactor outlet. Spoto et &t.also made these observations during a
VPIE process to produce CutZSM-5. The Cu(ly-Y (VPIE@700

°C) surface area is not as high as the original¥Hone, but this is

due to the high copper loading. Trigueiro etastudied the effect

of metal ion exchange high loading on the surface area of faujasite
zeolites, and their results agree well with ours.

The reduction temperature profile for CufHy (VPIE) was
studied using temperature-programmed reduction (TPR). The
experiments were performed using an inert gas containing ap-
proximately 5% hydrogen (by volume) and a custom-made vertical

reactor fitted with a heating jacket. The temperature was increased

at 10 °C/min and the hydrogen consumption measured with a
thermal conductivity detector (TCD). Figure 3 shows the resulting
TPR profile for Cu(lly-Y (VPIE). The profile shows two major

peaks: the first one corresponds to reduction of Cu(ll) to Cu(l),
while the second indicates reduction of Cu(l) to copper metal.
Stepwise reduction of copper(ll) ions in liquid-phase exchanged

zeolites and dispersion on activated alumina supports have been

reported beforé!1516In general, a reduction temperature of about
231 °C is sufficient to obtain the cuprous species required for
m-complexation.

The desulfurization capability of the Cu(l)-Y (VPIE) zeolite was
tested using a commercial diesel fuel (297.2 ppmw total S).
Activation of the zeolite to obtain Cu@)Y (VPIE) was performed
in situ in a vertical reactor as follows: heating to 3&Din oxygen
to remove bulk and adsorbed water, followed by cooling to room
temperature, and then followed by heating to about 23kt 10
°C/min in an inert gas stream containing 5 vol % hydrogen. The
last temperature leg was held for 15 additional minutes before
cooling down to room temperature. The sorbent bed was then
washed with a sulfur-free hydrocarbon (emoctane) to remove
any entrapped gas. After allowing the liquid hydrocarbon head to

(LPIE). The sulfur adsorption capacity was increased by 14% after
a thin layer of activated alumina was placed on top of a fresh zeolite
bed (Figure 4.) Hernmadez-Maldonado and Yang showed that
activated aluminas are capable of adsorbing large thiophenic
molecules, but not to deep desulfurization leVéls.

Acknowledgment. Neutron activation analysis (NAA) was
conducted in the Ford Nuclear Reactor of the Phoenix Memorial
Laboratory at the University of Michigan. Dr. Leah Minc conducted
the analysis. We thank Stephen D. Stamatis for his help. We also
thank Dr. Alice He and Dr. William Cannella of Chevron-Texaco
Research & Technology Co. for the discussion. Support by NSF
and DOE is gratefully acknowledged.

References

(1) Gates, B. C.; Katzer, J. R.; Schuit, G. C. 8hemistry of Catalytic
ProcessesMcGraw-Hill: New York, 1979.

(2) Krause, COak Ridge Natl. Lab Re 200Q 33, 6—8.

(3) Babich, I. V.; Moulijn, J. A.Fuel 2003 82, 607-631.

(4) Yang, R. T.Adsorbents: Fundamentals and Applicatipkigiley: New
York, 2003.

(5) Yang, R. T.; Takahashi, A.; Yang, F. H.; Hernandez-Maldonado, A.
Selective Sorbents for Desulfurization of Liquid Fuels. United States and
non-U.S. Patent applications filed, 2002.

(6) Yang, R. T.; Herhadez-Maldonado, A. J.; Yang, F. Fscience2003
301, 79-81.

(7) Hernaadez-Maldonado, A. J.; Yang, R. Thd. Eng. Chem. Re®003
42, 3103-3110.

(8) Takahashi, A.; Yang, F. H.; Yang, R. Thd. Eng. Chem. Re2002 41,
2487-2496.

(9) Petunchi, J. O.; Marcelin, G.; Hall, W. K. Phys. Chem1992 96, 6,
9967-9975.

(10) Valyon, J.; Hall, W. KJ. Phys. Chem1993 97, 7054-7060.

(11) Guidry, T. F.; Price, G. LJ. Catal. 1999 181, 16—27.

(12) Spoto, G.; Bordiga, S.; Scarano, D.; ZecchinaCatal. Lett.1992 13,
39-44.

(13) Spoto, G.; Zecchina, A.; Bordiga, S.; Ricchiardi, G.; Martra, G.; Lefanti,
G.; Petrini, G.Appl. Catal., B1994 3, 151-172.

(14) Trigueiro, F. E.; Monteiro, D. F. J.; Zotin, F. M. Z.; Sousa-Aguiar, E. F.
J. Alloys Compd2002, 344, 337—341.

(15) Rouco, A. JAppl. Catal., A1994 117, 139-149.

(16) Takahashi, A.; Yang, F. H.; Yang, R. Ihd. Eng. Chem. Re200Q 39,
3856-3867.

disappear, the diesel was allowed to contact the bed. The effluent (17) Herradez-Maldonado, A. J.; Yang, R. 'RIChE J.In press.

was sampled periodically and the sulfur concentration measured

B J. AM. CHEM. SOC. PAGE EST: 2

JA039304M



