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METHODS FOR GAS PHASE OXIDATIVE
DESULPHURIZATION OF HYDROCARBONS
USING CaZnaAl CATALYSTS PROMOTED WITH
GROUP VIB METAL OXIDES

FIELD OF THE INVENTION

1311 This invention relates to Cu/ZrvAl catalyets which are promoted with at
least one oxide of a Group VIB metal, such as Mo or W. The resulting catalysts are
effective in gas phase, oxidative desulphunzation of sulfur containing hydrocarbons,
especially gaseous hydrocarbons.  In preferred embodiments, the catalysts contain a

second promoter, which is an acid forming oxide of B, 81, or P,

BACKCROUND OF THE INVENTION

(32]  Gas phase oxidation of sulfur containing hydrocarbons, to remove the
sulfur, 18 a2 well known process. FExamples of such processes are shown in, eg, U5,
20130199968, 118, 20130028822, and U8, 20130026072, all of which are incorporated
by reference herein. 118, 20130026072, e.g., describes g process for making catalysts

which are useful in oxidative desulphurization (0727 hereafler).

{131 The *072 disclosure teaches that cerium can be promoted in Cuo/Zn/Al

coptaining catalysts, which are useful in QDS proceases. The catalysts are described as

arnorphous oxides, with a spinel phase and highly dispersed crystaliine Cu0 and ZnQ.

{14]  The process described in *072, as noted infra serves as the basis for new
catalvsts. Indeed, notwithstanding the various catalysts and catalylic processes for GDS,
due 1o tssues with hydrocarbon feedstocks, the desired level of desulfurization 1s not
achieved. Also, when molecular oxygen is used as oxidant, i is difficnlt o control
oxidation of the fusl while converting the sulfur components in the fuel oils used. Hence,

there is a continuous need for new catalysts useful in ODS.

SUMMARY OF THE INVENTION

108} The invention relates to a method for gaseous oxidative desulfurization of

a sulfur containing hvdrocarbon feedstock using a catalyst which comprises from 10 to
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50 wi.% CuQ, from 5 to less than 20 wi% ZnO, and from 20 to 70 wi.% AL O, which
also conizins one or more Group VIB metal oxides, and preferably an acid forming oxide
as described supra, which andonically modifies the surface of the catalytic composition,
generally by modifying AlQs. The total amount of promoters can be present in an

amnount up (o 20 wi.% of the catalyst.

661 The catalysts, as will be claborated upon, infro, are prepared by zither
impregnating a co-precipitated CuZnaAl oxide base, or an impregnated Cufn/AlL O, oxide
base. One or more of Group VIB metal oxndes can also be mixed with a wet, co-
precipitaied CuZnAl oxide base. The catalysis promoted with oxides of VIB moetals and
with acid forming oxides showed enhanced catalviic performance in ODS processes.
When promoled with oxides of both Mo and B, e.g., the catalysts displayed bigher total
sulfur removal rates, significantly higher OD3 selectivity, and excellent reactivity with

refractory organosulfur compounds, such as 4, 6-DMDBT.

17} The catalyst described supra is also part of the wvention, as are processes
for making the catalyst,
BRIEF DESCRIFTION OF THE FIGURES

(98]  Figures 1a and b present data for various catalysts made in accordance

with the invention, tested to show the role of temperature on total sulfur removal.

191 Figures 2a apd 2b show the amount of sulfur removed from a model fuel

feed with different types of organosulfur compounds, using the catalysts of the mvention.

118} Figure 3 displays TPR profiles for various catalysts in accordance with the

invention.

(13} Figure 4 depicts crystaliine structures of a precursor of & catalyst of the

inveniion.

{12}  Fipure 5 shows powder X-ray ditfraction patiern for fresh, spent, and

regenerated catalyst V628, desaribed infra.
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DETAILED DESCRIPTION OF THE INVENTION

{131 The process of the invention will be further described with reference to the

disclosure which follows.

EXAMPLER

(141 A CuZnAl composition was prepared via the precipitation method. See,
e.g., published 1.3, Patent Application 2013/0026072, incorporated by reference, for

informabion on the method.

115]  To claborate, 0.2 moles of CullNGs), 0.01 moles ZntNOsy and 0.235
moles of ANG: ) were dissolved in 500 md of distilied water. This solution will be

Eh

referred to as “solution A The pH of sclution A was 2.3. “Solution B” was made by
dissolving 19.08g of NapyC(h {$.18 moles) and 48 g of NaOH (1.2 moles) together, i 600

mi of distilled water. The pH of solution B was 13

(167 Solution A was heated 10 65°C, and then Solation B was added thereto at s
rate of about 5 mifninute, with copstant agitation, until all of Solution B was added. The

resulting muxture bad a pH of 11,

{177 A precipitate formed and the precipitation slurry was aged for 6 hours at
precipitation conditions {(65°C, pH 11}, and was then cooled to room temperature and
filtered with & Buchner fimnel. The precipitate was repeatedly washed with distilied

water and fltered until pH neutral,

(18]  Analysis, using well known techniques, showed that 99% of the Cu, Zn,
and Al had precipitated. The precipitate was dried at 110°C for 12 hours, calcioed at

SGO°C for 4 hours, and ground to g fine powder.

1197 Two batches of base CuZnAl compositions, labeled as VIR and N543,
were prepared. Properties of the compositions of the Example are set forth i Table 1,

infra.

(%)
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EXAMPLE 2

1261 The composition prepared in Example 1 was then treated to incorporate

molvbhdenum oxide (Moh), therein, via the well known incipient wetness method.

i21] The calcined, powdered composition of Example 1 was placed in a
rolating impregnation drum, and a 0.2 mol/l solotion of {NHMoOug was fed mto the
rotating drum.  The volume of solation used was 10% wore than the caleulated water
capacity of the Cu¥ZnAl composition. The impregnated sample was lefl in the rotating
drum for 20-30 minutes to permit even distribution of the liqud in the powder. The
sample was then dried at 110°C, for 12 hours, and caleined at 560°C, for 4 hours. A dark
brown solid resulted, and was labeled as V636, Analysis of the calcined product revealed
34.37 wi% of elemental Cu, 14-14.8 wt.% of elemental Zn, 12-13.3 wi% of elemental
Al and 3.56 wt% of elemenial Mo, Note that by changing the concentration of
{NH Mo+, the amount of Mo can vary from 2 wt.% to & wi.%. If 1 1o be noted that
when reference is made to wit.% in these examples, it ie by reference to the pure clement,

not the oxide.

i22]  The atomic ratio of Co:dm Al was (2.5-31:1:{2.5-33. The post-calcination
composition had a specific surface area of 35-§5 mi‘/g, a pore volume aversge of 6,15
.35 om'/e, and an average pore diameter of 10-20 nm. It contained crystalline Culd,
Zn, and traces of MoQs, and an x-rav amorphous phase. “X ray amorphous phase,” as
used herein means that, when the product was observed via high resciution ransmission
electron microscopy (HRTEM” berealter), arystallive particles of from 2-10 nm, and
more usually, 2-5 nim were observed. The lattice parameters {(7.8864A), were very close to

those of spinels.

231 Properties of the composition of the Example are set forth in Table 1,

24]  Catalylic compositions are granulated by any known method: extrusion,

granulation or tabletting by pressing.
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EXAMPLE 3
[25] This example paraliels Example 2 except boron {8} was used instead of

Mo, The {NHsMorOn, solution was replaced by a 0.5 mol/l HaBO; selution.

(26}  The resulting composition was identical to that of Example 1, except it
contained 0.9 — | wit.% of B. By varying the concentration of HaBO,, the amount of B in

the final composition, labeled as V837, can range from 0.3-1.5 wit.%.

EXAMPLE 4
1271 In this example, both Mo(s and By were added to the CudnAl

composition of Example 1.

28] A solution containing {NH Mo (0.22 molly and HyBO: (0.5 mol/l)

was added to CuZnAl again as in the prior examples. Dvying, calcining, granulation and

analysis aleo took place as per the prior examiples.

291 Four batches of Mo and B0 added compositions were prepared, and
labeled as V649, V674, V648, and V653 respectively. All properties were as given in

Example |, supra.

Table 1. Physico-chemical properties of catalysis used in oxidative desulforization

of model fuel feeds

Nama Preparabion Method Composition | XRD

{ighly dispersed

prnel
Caly, End

Y628 | Base Cu-Zin-Al by co-
precipitation

- -Highly dispersed
| spinel
L -Cu(d, Za0

2 On-Zo-Al by co-

precipitation

Ya3o

Cu,

198 - ~Highly dispersed
C!J’g‘ .-;52)"?3.43"3 gk :pmci
Cu(s, Zn()

ighi 16.1
pinel
L -ou, ZnQ
LMo, minor
3% 0.14 143
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Va74 { Inoi piont welness hapregnation 4.35%:0Me, 18 {.i% 18.6
of base Co-Zi-Al 1.28%B \,-:,mifi
{MNHOMoOy, -+ H;g‘;‘}@; solution ot odn, Al | -Culd, Zn0

e e [‘\!E(:\(:)‘ I"\nii(}i o B TP EC T T RY

Va4 | Inciprent wetness impregnation 384950, ~Highly dispersed 40 | 020 0.3
of hase Cu-Zn E by $.42%8 spinel
{(NH Moy G +HABOR sclution Curg ol dlz | -Cul, dndd

RS "TVEC(‘EQ‘ i?“i}'.‘-()l‘ S TN SUREIRRITRTIURrEL: JUrTvvRTITETTTTTo
Tncip at welnes 88 IMpre ) 8.25%Ma, ~Highly dispersed SR (.18 136
of bage Cu-Fn-Al by 13998 spiued
(NHL Moy + HiBO: sohution Cuay pln Al | Lo, Znl
MoQh, minor

EXAMPLES

{361  The catalytic compositions prepared in the cxamples, supra, were tested
for their ability to oxidatively desulfunize a model {fuel, dibenzothiophene in toluene. An
oxygensulfur wole ratio of 120, a GHEV of 3 OO0k, a WHSY of 61‘11'“% and

e

temperatures in the range of 250-430°C, were used.

The results, presented in Figure | show that the various additives fanctioned as
promoters, enhancing sulfur conversion. Sulfur removal via conversion to 8{ as high as
73w %% was secured. Catalyst V653, which iz moditied by both Mo and B, and with a
composition set forth in Table | showed superior oxidabive desuifunzation reactivity
Figures 2a and 2b show the impact of organosulfur type on oxidative desulfurization

reactivity of catalyst V49, also described in Table 1, supra.

(31} In the examples shown in Figures 1 and 2, the temperature ranged from

325 - 4507,

32} While not wishing (0 be bound fo any particular theory, it is noted that the
promoters habitually disperse into the catalyst system during ODS reactions. Further, the
addition of these promoters changes the redox nature of the catalyst system, whichk

appears to enhance the catalyvtic performance.

{331 Thus can be seen tn Figure 3. Specifically, redoction profiles of CuZnal

catalysis with and without woditiers, referred to supra are shown.

&
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i34} Fipure 4 shows the powder XRD patiern of the dried base CuZnal
catalyst, V628 {after oven drying and before calcination}). The XKD pattern shows the

presence of a mixed aurichalcite-like phase and a tenomite CuQ phase.

(3%} Figure 3 shows the XRD powder pattern of catalyst V649 at three
distinctive states of ODS reaction: fresh {after calanation), spent, and regenerated. The
KR pattern of fresh V649shows three crystalline phases, Le, CuQ, a highly-dispersed
solid sohation of spinel phase, and a minor molybdenurn oxide phase. In Figure 5, one
also cheerves sharp diffraction peaks of a well crystallized phase metallic copper phase in
the XRE pattern of the spent sample. To regenerate the catalyst, 1t was placed in a flow
of H, containing gas {10% H;), at 350°C for one hour, followed by purging at room
temperature, followed by oxidation in an oxygen containing mixture at 350°C for one
hour, at GHSY 500-3000 hr-1. The XRD pattern of the regenerated catalyst i3 similar to
that of the fresh catalyst except that no crystalline Motl; phase was identified in the
regenerated matecial,  This may indicate that MoQOy existing in the fresh oxide is

redispersed during ODS reactivity testing and remains dispersed during regeneration

36]  The forepoing examples describe features of the invention which include a
2oing .
cataivtic composition useful, e.g., o oxwidative removal of sulfvr from gaseous, sulfur

containing hyvdrocarbons, as well as processes for making the compositions, and their use.

(377  The catalytic composiions comprise oxides of copper, zine, and
aluminum in defined weight percent ranges, and a Group VIB metal oxide promoter. The
compositions exhibit an X-ray amorphous oxides phase with erystallive oxides of dn, Cu,
andd promoter. Even more preferably, a second promoter, te., an acidic oxide of 81, B, or

P is added.

[38]  As noted, supra, the compositions contain defined amounts of the metallic
oxtdes, The weight percentages permitied by the invention are 5 {o less than 20 weight
percent zine oxide, from 10 to 50 weight percent copper oxide, and from 20 to 70 weight

percent of aluminom oxide. The promoter is present in an amount up to 20 wi.%.
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1391 The aforementioned struchure has a lattice parsmoeier corresponding fo
spinel, according to HRTEM data and the chemical formmla Cu,2ny ALO,, found from
EDX analysis which 18 i accordsnce with the standard formuola for spinels, 1.e,
“MALD,” where “M” signifies a metal, herein Zn or Cu, or combination of metals,

herein Zn and Cu. Preferably, X ranges frorn 0.1 to 8.6, more preferably, from 6.2 to 0.5,

(48] The composition of the invention preferably are granunlar in nature, and
may be formed into varions embodiments such as a cvlinder, g sphere, a tmlohe, or &
gquatrolobe, preferably via processes discussed infra. The gramules of the compositions

preferably have diameters ranging from 1 mum t0 4 mim.

{411  The compositions preferably have specific surface areas ranging from 18
m/g te 100 i/ g, more preferably 56 mY/g to 100 m*/g, with pores ranging from & tm to
12 nm, more preferably, & nm to 10 nm.  In preferred embodiments, the weight
percentages are; 20-45 Cuy, 10->20 Zn0, and 20-70 AlGh, and most preferably 30-45
Cu(, 12->20 Zn0, and 20-40 AL O,

{421  The catalytic composttions of the mvention are made by preparing an
agueous solution of the nitrates of Cu, Zn, and Al and then combining this solution with
an aqueous alkaline solution which contains NaOH, and/or one or more of (NHaHCO,,

NapyCOy and MHHCO3S,

{431  These solutions are combined al a temperature which may range from
about S0°C to about 63°C, and at a pH of from about 6.5 1o about 14, The resulling
hydroxides, carbonates, and/or hydroxycarbonates precipitate and are then filtered,
washed, and dried, for at least four hours, at a temperature of at least 180°C, and calamned
at an elevated temperature of at least 400°C. Promoter is then added to the composition,
preferably via incipiont weiness. After this, the resulting dried material is calcined, for
about 2-4 hours, at a tamperature of at least 430°C, o form the composition described

hereir.

44} The precipiiste may be aged pror to the filtering and washing, as

elaborated 1n the examples.

@)
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1481 i is frequently desirable to form composites of the catalvtic composition,
and this is preferably done by adding a binder to the compositions prior (o calcination.
The binder wmay be, e.g., polvethvlene oxide, polyvinyl alcohol,  aluminum
pseudoboehmite, silica gel, or mixtores thereof. The binder may be added 1 amounts
ranging from about | wt.% to about 20 wt.% of the precipiiate, preferably from 1 - 10
wi.% or in the case of hydroxides 3 -~ 20 wt.%. The resulting mixture may be extruded
through, e.z., a forming dic, and then dried, preferably at room temperature, for 24 hours,
followed by drving at about 1007°C for 2-4 bours. The exirusion product is then heated
slowly, e.g., by increasing temperatures by 2-5°C every minute until & temoperature of

S500°C is reached, followed by caleinations at 500°C for 2-4 hours.

146} In practice, the compositions are used by combining them with a sulfur
containing hydrocarbon, in gascous form, together with an oxygen source, such as pure
{3, for a tme sufficient for at least a portion of the sulfur o be oxidized o, e.g., 80,
The oxygen source is preferably pure oxygen, but may be air, or any other oxygen sousce.
Preferably, the materials recited sigra are combined at conditions which include pressure
of from 1-30 bars, temperature of from 300°C to 600°C, with s weight hourdy space
velecity of from 1-20 b7, gas hourly space velocity of from 1,000 ~ 20,009 bl with an
oxygen carbon molar ratio of from 0.01 0 0.1, and a melar ratio of oxygen and sulfur of
from 1 to 150, Preferably, the pressure ranges from 1-10 bars, yoost preferably 1-5 bars,
the temperature is preferably from 300 - 500°C. The gas bourly space velocity is
preferably 5,000 — 15,000 h“!, most preferably 5,000 to 10,000 h'gﬁ while the preferred
molar ration of Oy/C ranges from 8.02 — 8.1, and most preferably from 0.05 - 0.1, while
that of Ox/S is from 19 — 120, and most preferably, from 20 - 50, Additionally, it is

preferred that oxidation take place with the exclusion of hydrogen gas,

1471 The feedstock, e.g, the sulfur containing hydrocarbon, will vary, but
preferably is one with a boiling point sbove 36°C, and even more preferably, above

565°C.

{48}  In practice, the catalytic compositions are used in the form of, ey, fixed

heds, ebullated beds, moving beds, or thudized beds,
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149} Other features of the invention will be clear to the skilled artisan and need

not be reiterated here,

{501  The terms and expression which have heen employed are weed as terms of
description and not of limitation, and there i3 no intention in the use of such terms and
expression of excluding any equivalents of the features shown and described or portions
thereof, it being recognized that various modifications are possible within the scope of

the invention.

10



CLAIMS

A method for oxidizing sulfur in a sulfur containing hydrocarbon, comprising
contacting a gaseous hydrocarbon to a catalytic composition in the presence of an
oxygen containing gas, said catalytic composition comprising CuO in an amount
ranging from 10 weight percent (wt.%) to 50 wt.%, ZnO in an amount ranging
from 5 wt.% to less than 20 wt.%, Al,O3 in an amount ranging from 20 wt.% to
70 wt.%, and at least one first promoter selected from the group consisting of a
Group VIB metal oxide, wherein said catalytic composition has an X-ray
amorphous oxide phase with a formula CuxZn;.xAl,O4 wherein x ranges from 0 to
1, crystalline ZnO and CuO.

The method of claim 1, wherein said promoter is Mo or W.

The method of claim 1, wherein said catalytic composition comprises an acidic

oxide of Si, B, or P as second promoter.
The method of claim 1, wherein said hydrocarbon is a gaseous hydrocarbon.
The method of claim 1, wherein said oxygen containing gas is pure oxygen.

The method of claim 1, comprising oxidizing said hydrocarbon in the absence of
hydrogen gas.

The method of claim 1, comprising oxidizing said hydrocarbon at a temperature
greater than 300°C.

The method of claim 3, wherein said acidic oxide is B,Os.

A catalyst composition useful in oxidative desulfurization of a sulfur containing

hydrocarbon, comprising:

CuO in an amount ranging from 10 weight percent to 50 wt.%, ZnO in an amount

ranging from 5 wt.% to less than 20 wt.%, Al,O3 in an amount ranging from 20

11



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

wt.% to 70 wt.%, and at least one Group VIB metal oxide promoter, in an amount

up to 20 wt.% of said catalytic composition.
The catalytic composition of claim 9, further comprising Mo or W.

The catalytic composition of claim 9, further comprising an acidic oxide of Si, B,

or P.
The catalytic composition of claim 9, further comprising B,Os.

The catalytic composition of claim 9, in granular form wherein granules of said

composition have a diameter of from 1 mm to 4 mm.

The catalytic composition of claim 9, having a BET specific surface area of from
10 m?/g to 100 m?/g.

The catalytic composition of claim 13, wherein pores of the granules of said

composition have a diameter of from 8 nm to 12 nm.

The catalytic composition of claim 13, wherein pores of the granules of said

composition have a volume of from 0.1 cm®/g to 0.5 cm*/g.

The catalytic composition of claim 9, comprising from 20 wt.% to 45 wt.% CuO,
from 10 wt.% to less than 20 wt.% ZnO, and from 20 wt.% to 70 wt.% of Al,Os.

The catalytic composition of claim 17, comprising from 30 wt.% to 45 wt.% CuO,
from 12 wt.% to less than 20 wt.% ZnO, and from 20 wt.% to 40 wt.% Al,Os.

The catalytic composition of claim 9, wherein X in CuxZn;xAl,O, is from 0.1 to
0.6.

A process for making the catalytic composition of claim 1, comprising:

0] combining an aqueous solution containing each of copper nitrate, zinc
nitrate, and aluminum nitrate with an alkaline solution containing NaOH
and/or at least one of (NH,;),CO3, Na,CO3 and NH4HCOj3, at a temperature
of from 50°C to 65°C, and a pH of from 6.5 to 14, to form a precipitate

12



21.

22.

23.

containing at least one of (a) a carbonate containing Cu, Zn, and Al, (b) a
hydroxide containing Cu, Zn, and Al, and (c) a hydroxycarbonate
containing Cu, Zn, and Al,

(i) aging said precipitate;

(iii)  filtering and washing said precipitate;

(iv)  drying said precipitate for at least 10 hours, at a temperature of at least
100°C;

(v) calcining the said dried precipitate for at least 4 hours at a temperature of
at least 400°C;

(vi) adding a solution containing at least one Group VIB oxide to said
precipitate;

(vii) impregnating said Group VIB oxide in said precipitate via incipient
wetness, and

(viii) calcinating said precipitate for from 2 to 4 hours, at a temperature of at
least 450 - 500°C.

The process of claim 20, wherein said aqueous solution further comprises cerium

nitrate, and said carbonate, hydroxide, and hydrocarbonate contain Ce.

The process of claim 20, wherein said precipitate comprises hydroxides, said
process further comprising combining said precipitate with a binder selected from
the group consisting of polyethylene oxide, polyvinyl alcohol, a sol of aluminum
pseudoboehmite, silica gel, and mixtures thereof, said binder being added in an
amount ranging from 3 to 20 weight percent of said precipitate, to form an
extrudable mixture, extruding said mixture through a die to form an extrudate,
drying said extrudate for 24 hours at room temperature, followed by drying at
100°C for from 2-4 hours, and raising temperature to 500°C, at a rate of from 2-

5°C / minute, to calcine said extrudate for from 2-4 hours.

The process of claim 20, comprising adding a solution containing a water soluble
Mo(VI) or W(VI) compound to provide an MoO3 or WOj3 phase upon calcination.

13



24.  The process of claim 20, comprising adding a solution containing a water soluble

compounds of B(l1l) to provide B,O3 upon calcination.

14



