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Removal of Branched Dibenzothiephenes from Hydrocarbon Mixtures vig Charge

Transfer Complexes with a TAPA-Fanctionalized Adsorbent

Cross Reforence 1o Related Applications

1 This non-provisional patent application claims the benefit of provisional patent
2 application No. 60¢/942,592, filed on June 7, 2007,
-
2
Field of the Invention
4 The present invention 1s related to processes for removing dibenzothiophenes from

5 hydrocarbon amixtures by functionalizing metal oxides to create sorbents that bind

& dibenzothiophenes via reversible charge transfer complexes

7
Background of the Invention
8 The removal of sulfur from gaseline fuel demands attention worldwide, not ondy

9 because of the nead to reduce atmospheric poliution by sulfur oxides, uat alse because of
18 the need to make wtva-low sulfie fuels for hydrocarborn fuel processors used 1 fuel cell

ssoline sulfur content

11 apphications, BEPA repulations put forward in 2001 requive that

.‘

12 must be =30 ppow, and fnghway diesel sulfor content should be < 15 pranw in 2009,

13 The common types of sulfur compounds In various distillate fuel fractions include
14 sulfides, disulfides, thiols, thiophenes, benzothiophenes, wmethyl-hbenzothiophenes,
15 dibenzothiophenes, and methyl-substituted dibenzothiophenes.  The presence of sulfur

16 compounds in commuercial fuels 18 highly undesirable. These compounds are corrosive 1o
17 melals, poison catalysts in hvdrocarbon fugl processors, and they contaminate the
I8 environment in the form of sudfur oxides emitted in engine exbaust,

19 Currently, the extent of petrolenm feedstock desulfunzation depends on the
20 catalytic hydrodesulfurization process {HDS), where the sulfir compownds Tose sulfur by

21 hydrogenation reactions, giving off HaS as one of the treatahie products, Hydrotreating is a

22 commercially proven and simple refiming process, and refiseries with hydrotreaters
23 produce deeply desulfurized gas oil on straightrun distillates by modifving catalysts wnd
24 opersting conditions. However, greater challenges are expected for desulfurizing distillate

25 streams such as Light Cyele O {LCO), reguiring aither substantial revamps to equipmsgt
i
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or construction of new wats. Spegifically, hydrotreating LOCO requires & higher reacty
pressuve, as well a5 an increased hydrogen rate and purity. Furthermore, distillates from
Fluid Catalytic Cracking (FOCCY operations contain higher concentrations of compounds
with aromatic dngs, which make deep desulfurization more difficull. For these reasons,
new technology developments are needed for the wltra-deep desulfurization of these
feedstocks.

In order to reduce the cost of decp-desulfurization, several new techneologies have
heen introduced in the experimental stages. Among them, sulfie adsorption, sulfur
oxidation and biodesulfinization scem to be quite promising. The wajor advantages of
these new technologies include lower costs, lower processing termperatares and pressures,
reduced enussions of goseons pollmtants and cwbon diexide, and no  hydrogen
requirenent. In general; the sulfir adsorphion proceases use specific sorbents that interact
with the salfur-containing compounds 1o separate them selectively from the hydrocarbon
mixtures. This technology seoms particularly favorsble for gasoline desslfunization
hecause the process does not modify the hydrocarbon components, thereby avoiding any
{oss in octane rating.

o comwercial  gasoline, the wmajor  sullor compounds  are  thiophens,
benzothiophane, dibenzothiophene, and their alkyl derivatives. This fact indicates that the
cactivities of alkylsubstituted benzothiophenes (BT) and dibenzothiophenes (DBET) ar
much Iower during catalvtic hydrotreating than those of other sulfur-containing molecules.
Kabe et al. reported that although the alkyl group substitutions of DBT do not inhibit the
adsorption of DBRTs on catalysts vin w-clectrony 1n the aronatic vings, the -8 bond
cleavage of adsorbed DBTy is disturbed by stene hinderance of the alkyl groupis). Kabe,
T Ishubara, A Zhang, Q. Deep desulfurization of light oill Part 20 hydrodesulfurization
of dibenzothiophene, 4vmethyldibenzothiophene and 4,6-dimethyvidibenzothiophene. Appl.
Catal. & 1993, 97, LI-L9. Conseguently, in the ultra-deep desulfurization process, the

rernoval of these substitoated DBTs s of greatest interest for refineries.

Cs) with

o

Beeause DBTs are electron rich, they form charge transfor complexes (CTC
suitable electron acceptors. For this reason, reversible complexation of DRy by L
acceptors can be used as 8 separation sirategy to recover DRTs. One technical challenge to
overcome in order 1o use reversible complexation as the strategy for DBET removal from

gasoils 1z that gasoils contain numereus other aromatic compounds that also can denate
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slectrons o formn CTCs wiath the acceptor compound. For this resson, the acueptor
compomrd (or, more generally, the separation agemt) needs o be selective towaed the
DBTs. To tackle this eritical need, we have prepared and tested & new sorbent that

corporates Hhacceptor gronps koown 1o be efficient and selective for binding DBTs.

Summmary of the Invention

One aspect of this wvention is directed 1o a process for producing an adsorbent. o
this process a wetal oxide 18 reacted with an alkoxy silane o produce an epoxy-
functionalized metal oxide. This product iz reacted with an amino-substituted proptonie

actd and a nito-subsiisied fluorenone, and this product & grafted fo the copoxy-

b

functionalized metal oxide. This grafted product is the adsorbent, which may be contacted

with a hydrocarbon mixture having & least one solfur conlwning compound in order 1o
renwyve this sulfur confaining corapound.

Apother aspeat of the invention i directed 10 a process for adding pobvienization
groups (o an adsorbent. In this process o metal oxide 18 reacted with an alkoxy silane to
produce an epoxy-functionshzed metal oxide, This product is reacted with an amino-
substituted propiomie acid and a migo-substinued Huorenone, and ths product is grafted to
the epoxy-functionalized metal oxide. This grafied product is the adsorbent, which is

reacted with a brame-substituted propionic acid and then ethylene glycol dimethacrylate 16

&
&

by X

arafl polymerized onto the adsorbent. This grafied product may be contacted with a
hydrocarbon mixture baving at leaxt one sulfur containing compound it order to remove

this sutfur containing compound.

T

Brief Descoription of the Figures

Figure 1 depicts a DRIETS spectra of (0} hare silicat]), () epoxy-functionalized sthea(l)y;
{¢) TAPA-functionalized silica{l} {reaction for 4 hy, (d) TAPA-functionalized silicald)
{reaction for 22 h).

3

Figure 2 depicts TGA curves for {a) bare sihically, (b epoxy-functienalized silicad), {0}

TAPA-functionalized silica(]) trsaction for 22 hi

[
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T Figwre 3 depiots DRIFTS spectes of (1) have silica (0, (b) epoxy-grafted sithiea(l), (o) PA-

4 prafied silica(l) {reaction ftor 10 h), {dy TENF-grafted silica(l} {reaction for 20 by, (&)

3 TENPegratied sitica (H{reaction for 46 h), () TENV-grafted silica(l} {reaction for 70 by,
4

4 and () TENF-grafted siheaf]) {reaction for 94

i Pigure 4 deprets TGA curves for {a) bare siliva{l},

1y, e} PA-
¢ grafted sibicadly Creaction 12 b {4y TeNF-grafied atlies 52»} {reaction for 46 hy, and (o}
§  TedNF.palied silica(]) {reaction for 94 h).

N

I Figure S depicts TGA cwrves for {ay cpoxv-functionalized sibea(llyn ) T

LS

P functionalized silicalil) {reaction for 24 k.

13 Figure ¢ depicts the adsorption kinetics for 4.0-DMDBT o TAPA-functionalized silica at

a2 by b

4 25°C i neheptane. (a) TAPA-functionalized silicaddy (b TAPAfunetionalized silica{il)

16 Ygure 7 depicts the adsorption wsotherms of 48-DMDBT on TARA-fmctionalized

stiica{ly, TAPA-lunctiovalized silicadll}, bare sihicall} and bare silica(il) o 25 °C in n

A

heptanse,

2 Fyure § depicts Adsorption isotherms tor 4,6-DMDBET on TAPA-thnctionalized silicall)

21 at difforent temperatures in n-heplans
77
23 TFigure 2 depicts Herpy's constant vorsus temperaturs for 46-DMDBT adsorption on

24 TAPA-tunctionalized siheca(l) iy n-heplane.

23
26 Pigare 18 deptoty TUA curves for {2) bare siticay {b) t;:p{'.@&}*—gr;.t'if‘i.&{i stlicay {¢) TAPA.
27 prafied silica {resction 22 h); ) Initiator-grafted silic; (8} PolyEGDMA - grafted silica.
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Dietiled Deseription of the lnvention

In this wvention, porous athea gel s functonalized with 24,3, 7-tevanmibrg-8-

fluerenone fo oreate & sorbent thal binds DBTs wia roversible  charge  waasfer

%

comyplexation. Blectren acceptors of the fluorenone series are of considerable interest in

the stndy ol UTUs, They have sewtconduciing and photoconducting properties, and seove
as sloctron  tramsport matenals, Witro-group denvaiives of 9-fluorcnone and 5
dicvanomethylenefloorenone are anoug the best known elecivon accepiors. In this
mvention, 24,5 Tetratrofluorenone was covalently tethersd to a silica gel support
material and 4,0-dimethyidibenzothiophene (46-DMDBT) was selected as the target
adsorptive o test thiy newly developad sorbent. Following synthests and chavacterization
of the pew sorbent, batch adsorption stndies were camvisd out to measure the binding

capacities of the sorbent for 4.6-DMDRBT and to detormine the enthalpy change on

adsorption,

)
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EXAMPLES

x

All chensteals ware used as received, exvept otherwise where noted.

sy

heretn refer o wiS 245, 7 Tetranatrofluorenone (TVeNF, $7%) was porchas

& Bauer. 2-(sopropylidencaminooxyipropionic actd (PPA, 97%) was purchased from

w

Lancaster Synthesis, el 3-glveidylosypropyl trimethoxysiiane (LGP TMS, 98%), glacial

geete  acid  {99.99%%),  toluene ﬁ?ﬂh}"‘di‘@lﬁg GG &%), sullurie  ackl  (95%-98%%),

tetrabutvlammonium brovads (THAR, 99%), and 4 S-dimethyldibenzothiophens (4,6-

DMURT, 679%%) were purchased from Sigma Aldeich,

g

Twe types of silics gel were wsed; me}f ave denoted as tvpes | and H. Stlca(ly was

mner powe diameter of 60 ‘L and surface arcg of 480 m&i Siicattly was provided by

Grace OmbH & Co. KO (Wonms, Germany), having the following characteriztios:
wregular pamicly shaps, average particle size of 30 nm, aversge pore size of 1000 A,
surface area of 40 nVg, and 8 pove volume of 105 mibdg

While the processes and prodocts disclosed herein we described with respect to

3

silica, it should be understood that the metal oxide emploved ueed not be sibiea. Other
metal oxides may used, including, bat not lmited 1o ahumina and ronlites (i particular,

sificate and alumnosilicate zeokites)

Silanization Reaction

For stlamizationy, 188 ¢ (8 wmoly of 3-GPTMR wa A BUSPEDSION
comnprising 12,0 2 of siliea(l} in 120 mi. of ashydrous toluene, and the suspension was

stiveed and refloxed at 110 °C for 24 b The epoxy-functionalived siieadly was Rltered,

»4'-
i
-

ot
e
ety

washiod with 200 ml of toluene and 200 mL of ethann! and dried at 80 °C overnight undey

vacun at 23 mmbg. The same procedurs was used 1o hunctionalize siliea(ily, bu, i this

case, 3.87 g (16 munoel) of 3-GPTMS was used to sccount for the mueh higher snrface area

avarlable Tor reaction. In both cases, the molar aroount of 3-GPTME I solubion was in

{arpe exepss relative 1o the estinutted number of surface stlanol gromps (vids infra),

o
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Synthesis of 2.4 57 Tetranitre-S-fluovenylidencamisooxy Propionic Acid (TAPA)

Scheme 1 shows the  synthesis peaction of 2405 7-twivantira9-
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A

4 g (0028 nmod} of PPA was added o 65 mL of glacial acetic acid tn a 230 mil

o

round-bottom flask. To this soluticay wore added 6,55 ¢ (8.018 mmoly of TeNF, 32035

mL of concentrated sulfivie acid, and a few boiling chips. The sespension way heated

o
’J:

under reflux. After 2.5, 3 and 4 hours of refluxing, additions were made of 0.8, 3.5 and 0.5

3

mil of water, respetively, After 6 hows, the reaction mixture was diuted while hot with 8§
il of rocm tomperature water, and Crystallization was allowed 10 take place stowly, fivst
at ooy temperature fiv 4 hours s then @t § °C for 2 days, The vellow crvstalline TAPA
prodact wag filtered with Slter paper (particle reteption for dp = 2.7 o) and dissobved
30 mi of hot acetiv amd at 110 °C. The solution was dilwted while ket with 40 mb of
roorn temperabure water, cooled rapidly v an ice bath with stiving, and kept of § °C

ovenmght. Followmg this second erystailization step, the purified TAPA was filtered and

ai-dried away frovn direet sunlight wadl the odor of acetic acid was negligible, The vellow

rertm L v iy eyl 3 (PN LYYy ODFY 4 FLNY oy A A £y by
crystals were then dried in au oven af 110 °C o vield 8.3 g of TAPA {vield of 7896) "H

NMR (00 MHz: woloene-dgy 0790 (18, 8.29 (IH), 819 (THy, 8§15 (H 474 28, 147
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Crralting

A Direct {one-slep) grazafxrmg method

Scheme 2 below instrates the procedure to directly graft TAPA o the silica surfac

Tabusae, Rallux

1 hre Ry
; 2
=

Scheme 2

&

4.89 ¢ (2 mmoly of TAPA was added 1o a suspension. comprising 6 g of epoxy-

functionalized stica(D) i 120 wml of anhydrous toluene. Next, 16 mg (.05 mmol) of

TBRAB was added to the suspension as a catalyst. The suspension was stirred and rethixed
al 110 °C for 22 b, The TAPA-functionalized stficat) was filtered, washed svith 200 mb
of toluene, and then dried at 80 °C overnight onder vacunm at 25 oMy The saome

s

procedare was used te gratt TAPA from silica(ll

\

b by changing the mass of siica{fDw 1 g

Rack)

the wass of THBAB 10 32 mg, and the volome of anbivdrons nluene 1o 60 mi.

<

b Tws-step grafting method

Scheme 3 shows the two-step methed © graft TeNF 1o the silics surface.
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G435 ¢ ‘(3 ﬂ_mmi} of PRA& was added to 8 suspension comprising 6 g of epoxy-

,

drous foluene, Nexi, 16 mg (005 1"1'1:;'1'1{,5} of

The suspension was shirved and

BT
i

for 12 h. The PPA-functionahized siicaly was filiered, washed with 200 mi. ¢

teduene, and drisd at 8% *C under vacuum at 23 ol bna se

of TeNF and 8.03 mb of concentrated sulforie amd were added to & suspenston comprising

& g of PPA-geatted stlieaddy in 120 ml of anbydrous toluene. Vigoroos heating by an ol
bath maimdained at 140 *C was requived to dissobve TeNY completely in foluene

promote ths reaction.
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Bateh adsorption studies

Kuown masses (typreatly 0.2 10 0.6 gy of bare silion or TAPA-funohionalived sitics

particles wers contacted with known volumes {typioally 15 mid of &:»;,i?i--}ﬁ}'fviﬁ{)}%}‘ii alutions

in s-heptane with nittal 4,6-DMDBT concentrations ra

:a:an;up'ies were placed I a constamt-temperature, reciprocating shaker bath st 175 rpm for

oo studied imtally in order to find the time reguired 10 reach

eguilibriuo under these

o agiiation condifions. The tutial and final 4,6-DMDBT

concentrations were determined by gas chromatograply {GU}, and nwastvoments were

done wsing the same GU conditions that were wed fo develop the calibrati

3 CRTYEL

Analvtical Methads
a. Gas clvomatography

The GC mstrument (GO 6850 was from Howilett Packard: # uvsed an on-columm

1

njection with a 23 o 8.3 non fosed silica capillary colunn conted with DB 5 (8%
phewvh-methylpolystlogane, T & W Sclentific) and coupled 10 an Hlame tonization detecior

{FIL3 by a heatey transfer hne. The anai}-@is femnperature program was thiss St analyas
at 100 C for 1 min; ramp to 130 °C at 50 °C min’' and hold for 2 min: ramp to 230 °C at
10°C min”, The ter niperature of the FID detector was 300 °C The camier and make-up gas
was helfum with 2 How e of 2 mbimin. The flow rate of hydrogen and air were 40 and
210 el /min, reapectively. The wmethod of mmltiple-point ingernal standard was used for
GO megsuroments (See Grob, R Barry E. Meodern pravtion of gos clromatography, 4"
sd.y Grob, B Kadser, ML, Bday Wilsy Interscience: Mew Jersey, 2004 Chaprer B3 The
calibration carve e 4.6-DMDBT was extablished by using n-octanol as idernal standard

at a poncentration of 72 L. The internal response factor (R¥F) was determined to be

0L8Z8. After GC analysis of test samples sath tokoown 46-DMOBT concenirations,

3T
H

sampie 4.6-2MOBT concentrations were caloniated using Equation 1.

xR

Cont, x Area, S

CVDRY

Area,,

{bguation 1)

where I8 indicates intevnal standard.

b Diffuse-refleclance Founer-ranslorn mntraved spectroseapy {DRIFTS)
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.,,

DRIFTS (Nicolet Avatar 360, FTWIRY was used to characterize the siliva following
cach mndification step. Samples were mixed with KBr fo bave o rpass concandration
etween 3 1o 10 %, and then the mixtures were ground to small particles withoa size of 5
s or fess for characterization.

T

L.

¢ Analyzer, TA Instniments) was also
used to characterize the silica following each modification step. Ten milligrams of gach
sapple were used for mweaswwement. TGA measurements were performed at 20 “Clmn

from voom temperain 1o 800 °C under a blavket of lugh purily mitrogen

Resultsand Discussion

Two methods bave beon developed and tested for grafting nitro-fluorenone
functional gromps onto the base silica sweface: a direct grafting methed and a two-step
grafting method. Both methods used o witial silanization treatment that adds epoxy
groups 1o the siliea surface for subsequent coupling reactions.

Figure 1 shows the DRIFTS spectra of siboa samples following each swrface
modification step for the divest grafiing method. Comparison between the infrared spectra
of bare silica(l} (&) and epoxy-functionalized sthicalty {1b) reveals the appeavance of GH
vibrations of methylene groaps (asyounetric stretclung mode at 2920 ern’t, and symmeteic

- - FAGPT

sirctehing at 2830 o’ + that support successful grafiing of 3-GPTMS fo the sihea surlace.

- 3 &
3

Spectra To and 1d show new peaks at 1740 em™, 1342 wm™ and 1343 em’', which

correspond  carbonsd vibration, and asymmetric and symmetrie stretching adsorption of

Nidy groups, respectively; these peaks confinm that the TAPA was chomically honded

frrtny

[z

Figure 2 shows the TGA seans of samples following sach modilication step. For
temperatures below 200 °C, percentage welght loss was < 0.6 % for all samiples, and the
rates of weight loss were the same. This result can be atinibuted 1o desorption of physieally
absorbed water and condensation of any wnvesctsd susface SbOH groups with one
anpther. The curve for TAPA-functionalized silicaty shows that TAPA stavts o
decompose thermally around 300 °C. Thus, chemtcally bonded TAPA possesses strong

heat-resisianes

i
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u

(13 Daty from the TGA measurements were used o estimate gradt densities for each

€%

surface modifier. Table 1 below sunmuparizes these sstimated grafied molar amounts. The

sarface density of OH groups on silica gel 18 & physicochemival chargoteristic for a fully

hyidroxviated surface. Amorphous silica gels preparsd by different methods and having

erent structoral charactenstios, such as particle size, speclfic surface arca, size

disiribution of inner pores, pariicle packing dessity, ail have sinular values of the silanal

T

dersity within the range 4.3-5.7 OH groups per pum” The current accepted vahue for most
purposes is & mesn value of 5.0 OH per pm”. The sifica pels tsed in this experiment have

surface areas of 40 and 480 m7/g, which meany the molaer amoumt of silanel groups are

estimated to be 0332 and 398 mmolig, respectively. The grafl amount of 3-GPTMS was
0154 nupel/e thus, approxumately 46% of silanol groups were functionalized by 3-
OPTMS, This result seems reasonable given the Sndings of Porsch et all, who reported
that, during thix type of grafiing process, the silica surface becomes cmwded with alkyl
chaing; close spacing of alkyl chains is provented because of steric-tundrance effects {see
Pursch, M. Sander, L0 Adbert, Ko Chain arder and mobility of high-density € phases
By soludstate NMR spectroscopy and houid chromatography. Apall Chem, 1996, 68,
4107-4113) The gratt amonnt of TAPA was (.086 mmol/g: thus, 56% of grafied epoxy

fanctional groups were reacted with TAPA

Table 1. Caleulation of graft molay amounts for 3-glhveidyvloxypropyl trimethoxysilane

{epoxy) and TAPA on silica(1} based on the thermogravimetric analysis data.

¥ Weight % Weight Giralt
t»,{m;ia fe loss fosg amovnt
< at &894 °C {mumel/g)

Epoxy-stlicail} .49% 3749

TAPA-silica(l), 22 4.56% 6.55% 0.086

The estivaated molar amount of sitanad groups for stlica{i

£ Two-sien

eraffing method, A peal at 1740 om™ 0 spectnum 3o signiies that the FPA was gralted
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siiica. PFrom specira 30-3g, we can conglude from the
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stretehing peaks at 1542 e’ that the TelNF was bonded chemically to

PRA sites on the PRPAfunctionalized silica surface, but the prafting resction was much

kede,

slower than that observed for the direct srafting msthod.

begy b
FIC

Figure 4 shows the TGA scans of samples following cach wodification step, and

Pable 2 summarizes the estimated grafted molar maounts of sach modifior, Even aller 94 h

reaction, the grafl amount of TeNF was only 0014 mmolfe, which s abow 20% of that

obtained by the divect gratiing method. Unlike the direct grafling methad, 1o the two-step

aiethod, toluens was used as the solvent for the oxime-TeNF conpling, Tor reasons that
will be disclosed 1 a sobsequent peblication. The reaction of the oxime Ructionality with
TeNF was muwh slower i toluene than in acetic acid (used to synthesize TARA for the
divect grafting to spoxy-functionalized silica). Thas, the direct grafling method was wsed

tor all subsequent syntheses.

Table 2. Caleulation of graft molar amounts fr S-gheidyloxypropyl rimethoxysilane

T

{epoxy), PPA and TeNF on silica() based on the thexmogravimetsic analyvais data,

B Wedght ,
Ya Weight foss | Grafl amount
Sample Joss
at R84 °C {mmolig}
< 200 o0

.w\.t
j
s
ot
~ 52
o

5]

- Epox }-'~Si1‘i_ca(i} 3745 0154

i w1
e
o
/JV
o
b aad
pos
m
,,
&
ey
s
e
b
[
i
oo
4
g
Lo
-
i
=
s
§ 59

4.50% {061

£ 6994 4. BE% f (.0063
hy ;

TeNF-siliza{D), 94
hy

0.87%% 5.53% 0.614

in order to uprove the loading of Buctional groups per undt mass of silica sorbent, testing

o=

was done with higher surface area sihea }mm 5 shows the TGA resulis of the

functionalized stlicalily, with surface area of 480 m™y and inner pore diameter of 60 A,

¥

e

mdified by the direet grafiing mothod, and Table 3 below prosents the salendated prafting

7

13
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densities of cach funetional group. By comparison, the grafhing density of epoxy groups

inereased from 0,154 mmolg on the silica() with surfwe srea of 40w

104,795 mmolfe

on the sibea(dly with surface wrea of 480 wi'fy, wnd the grafting density of the TAPA

b

groups increased froane (.086 momoliy silica to G391 mumeolg, The Rmetionsl group density

~

ereased sigruticantly, but nod in linear proportion 1o the increase in surface area. A

o,
;1i‘

booes

passible reason

w the nonlinear increase s that for silicalll) with a swmaller ner pore

dimmeter, some of the pores were oo small 1o allow access of TAPA o the stlancl groups.

-

“aloulation of graft molar amwunts for 3-glycldviusypropyl trimethoxvsilane

Led

Vet

3

{epoxy ) and TAPA on silicadil) based on the thermogravimetrie analysis data,

56 Weight e Weight {yradt

%

Sampl tosy foss arnosur

<208 70 at B9 o {mmod/a}

&

Epoxy-silica{t} G.65% PS4 1% {4,705

TAPA-siheatll}, 24

{.68% 25.79% {13491

fr

The wstimated molar anount of stlano] groups for stlicat) is 3 984 numolf.

Figure & compares the kivetics of adsorption at 25 0 of 4.6-BMUBT from n-

heplage onto the TAPA~functionalized silicas. Eguilibrium binding was reached in ghoun

P2 hr for the TAPA-functionadized stlica(l)y with lavger fnner pore dlameter; wheress, it

twsk about 200 10 24 iy to reach equilibrin for the TAPA-fumetionalized sibicadlly with

§

et are thyee consecutive sieps m the adsorption of 4.6~

;rt/

spnatber laner pore dismeter, T1
DMDBY from solation by porous bare silica and TAPA-functionalized silica. The first
step 15 the transport of 4.6-DMDBT theough a surface film 1o the exiovior of the silica,
followed by wiraparticle pove diffusion to adsorption sites, and fwally the adsorpdon of
4.6-DMDBT to the surlice sites. In the batch ads

crating with an agiation

[ RS

transpont of the 46-DMDBT within the pores

The kinetics of adsorphion support thiy 1dea, because a b

14
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poproved the rate of adsorption. For subsequent adsorption stadies, contacting was doneg
for 24ty to ensure thal equelibran measuramants were taken

The Langmuir adsorption isotherm model (Pouation 2 was chosen o represent the

experimental data. Model paramieters were detenvined by vepression using

el

SigmaPlot

sofbwars {SPSS, Ine)

{Faguation 2}
In thas meded, O 15 the eguilibnium concentration On medyy of $.6-DMBBT in solution, G
18 the adsorbed mass of 4.6-DMDBT per grave of dry sihea, and b 15 the adsorption
equilibrivun constan.
Figure 7 compares the adsorption wothevos fov $6-DMBEBT from n-heptans outo
bare sihicas and TAPA-functionalized silicas. Tables 4 and 5 present the fitted parameters
for these data using the Langmuir adsorption model The resulis show that the 4

DMBDBT bindiog capacity on sthica was nuproved deamatically after the TAPA groups

K

were grafted o the surface. From Table 1, the prafing densaty of TAPA was calcnlated 1o

a3 s

be about 0080 mmol/g silica. Here, the maximum binding capacity of 4,6-OMDRBT
chiamed by date Duting was 80073 A

aunol/e sihier; tus result soggests that 4.6-DMY
forms a 1 complex with TAPAL By comparison, the bare sihoa with higher surface ares
did nst show s dramatic increase of binding capauty compared 1o that with lower surface

area sibea, and the squibibrim constants for bivding were consistent. However, the

maximom binding capacity of TAPA-funciionalized silica for 4.6 DMDRET increased from

»w

10,1 mg/e sthiza 1o 38,0 myfp silfea, These results demonstrade that we casily can orsase

the capacity for $6-DMDBT «umply by incressing the silics surface areq, and that the
grafled TAFA grovps provide & specific binding with 4.6-DMOBT, Syabols represorst
expenimantal dalsy curves represent best fils o the Langmulr adsorption model, with

3 R

1 Tables 4 and 8.

PAranmetors Sumimsy

)
1



WO 2008/154331 PCT/US2008/066021

Table 4. Swnmary of Lopgaur parameters for adsorption of 4,6-DMDBT on TAPA-

functicnalized and bare stiea(ly at 23 °C i neheptane,

K

Smmpde o n (O

b)
TaAPA-silicall} 16 1351 RN

[22
pries
pasdy
,..4
m
=9
e
-
¢
o
i
]
fow
ek
LA

Bare

w

Table 5 Sunwmary of Langrouir parameters for adsorption of 4.6-DMDET on TAPA-

functionahized and bare silicadll}y at 23 °C in n-heplane,

N ) Q{max i K
Spe

(ngley i) (e O

TAPA-sihes(]

1]

o
T,

o
g

gy
)
can
=

Bare siliva{(ih 41 80148 208

3 Figure 8 presents the adsorption isotherms for 46DMDBT on TAPA-
3 functionalized Y from n-hept three different temperatures. Again, the dats
3 anctionatized sitliva(l} from n-heptang at three different temperatures. Again, the dat

4 were fitted using the Langrouir model, and Table 6 shows valaes for the Atted purameters,

iy

as well ag the Henry's comstants K7 calenlated as the imttial isotherse slopes. Two

& asswnptions for the Langmutr model ave that adsorption sites are identical and that no

X
7 lateral intersctions ocour bebwesn adsorbed modscules, Therefors, the model predics that

5 o

8§ the hext of adsorption i independent of coverage. For this reason, it i proper o use data

B in the low concentration (Heary™s {aw) reglon to exiract thermodynamic ad

b

sorption dima,

?-..‘

18 where interactions between adsorbed molocules are negligible.
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Table 6. Sumumary of Langnmir parameters for adsorpiion of 4.6-DMDET on TAPA-

functionalized stlica(l} at three temperatures in n-heplane.

Tempemiure {0 s

(mg/g)
by
46 63 0614 387

Rl
N

Eqguation 3 gives the relationshap between the Henry s constant and temperature:

dinK' AH o

4r RV

{Eguation )
Figure 9 shows the data of K7 versus inverse femperature. The molar enthalpy of

2.1 k¥mol, which means that c»(m:‘pi‘n‘:xaition 18

strorg. For comparison, enthaipies of complexation of irinitrobenzene {electron aceeptor

with various aromatics {electron donorsy at 20 °C in cyvelohexane have been measured o
be 015 to 1830 ki mol. Stronger corgplexation between the w-electron ag,‘.a:s::pmr and
donor should ranslate inte higher selectivity during the rebinding process; selectivity

studies arg under way and will be reported in the Ruture

Clongclusions

wased Ti-

Two methods have been demonstrated to suecessfully graft fluorenone-b

aceeptors ondn silica gel swrface: I the divegt grafting method, o carboxy-oxims was

added to TeNF in acetic acid o produge TARA, which coudd be grafied divectly to epoxy-
funchionalized silica. The dipsct grafting method i prefered o the twoestep msthod

because of a bigher reaction rate and higher grafling density of fluorenone functivnalities

!

o the sthics sarbent,

e
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Two TAPA-functionalized sihicas with different swrface aveas bave boen prepared

Hoher surface arca was

L

successfully, Using bateh adeorpfion lesting, the silica with
observed 10 have higher binding capacity for 46-DMDBT. Both TAPRA-functionslized

stites samples demonstrated dramatic waprovement of ¢ 1y for binding 46 OMBORT

when compared o the bare stlica samples, and results suggest that adsorption ocowrs as a
i1 nteraction between 4 6-DMBBT and TAFA. From the adsorption isotherm dats at
different temperatures, a velationship between the Henry's constant and temperature has

been developed; thus, the Hemry™s constant can be prodivied within the range of

temperatre that vovers the broad anncal lemperatures o the LR, In addition, we were able
o measure adsorption enthalpy for 4,6-DMDBT on TAPA-funstionalized silica and show

o~

that the interaction strength is tvpical of a sivong charge-transter complexation.

o

atting polymerization fnftiater from TAFA-functioned silica Qower swrface avea of 40

my f‘\§

Scheme In tlustrates the reaction chemistey used to add polvmerization initiator

groups {bromoester groups} o residual epoxy groups on the TAPA-functionalized silica, 3

il

g of TAPA-grafied sthica was added to a solution comprising 0.3 g of Z-bromopropionic
acid (BFA, 2 numol} in 120 ml of aubhydrous toluene, Nexd, 16 mg of”

was added. The suspension was stirred wnd refluxed at 110 °C for 24 h. The final predust
was filtered, washed with 200 mL of toleene, and then dried at 8¢ °C overnight wnder

vacunm at 25 mukig.
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Scheme Lo Method © grall bramo~initator from the TAPA-Functons! lica surface
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The jHustration iy meand 1o represent the sweface after reacting epoxy groups and

&

X

TAPA to the silica. The point is that we fikely do not bave 14 conversion of SnOH
groups 1o spoxy groups aud that we do not have 10089 conversion of epoxy groups o

TAPA groups. Thus, ¥ s possible o veact 2-BEFA with residual spoxy groups on the

surface.

Polvimenization fom indfator-grafted siiea (formation of MIP - Molecudar Imprinted
Polymer}

The grafted bromo-initiator can be activated by atom transfer reactions with a
suitable catalyst system 1o form radicals; @ typical catalyst comprises copper salls and
amine-containing orgame Hgands, By adinsting the madar ratio of Cafl)

system, the reversible squulibriven between the radival and dormant species can be toned to

a tow density of growing radicads, whick, along with fast inftiation and negligible

A

irreversible fernunation and chatn travsler reac makes the polymenzation proceed in

-

a controiiable musner. Scheme 1 shiows the avtivation and polvmerization reaction. For

this study, Cu{hiBy were used  with

tetrazzacyelotetradecans

Ethylens glyeol dirncthanry] 441 was used as the motomen acetoniivile was the

sedvent,

g
(3]
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A typieal reagtion procedure follows w0 geafl polywer from silivs swefive: Prior to
polymentzation, & g of the inttitor-gratted silica was comtacted for 48 by with a 4308
ngfil DMDBT sohution i n-heptane 10 ensure that the sthics swrface was saturated with

DMEBT. Then the silics wag Hitered and was added o 2 mixture compwising 7839 g of

EGDMA (40 mmel) and enough scelonitrile to make the suspension with a total volume
of 40 mi. The suspension was degassed with three frecze-pump-thaw oyeles o remove

oxygen and was transferred Into a water-free (<01 ppm) and oxveen-free (<1 ppm) glove
box (Mbraun, UNHab) By adding 03102 g (84 mmody of MeOvelam, 22.8 mg (.16

nunol) of Cu(liBr and 2.0 mg (0.04 mmel) of CullhiBen, the 301}@;}1&1‘%;”? OFf WAS §

,.,,

arted;

]

reactions were dove in the ahaker bath at 25 30 for 24 b, Following polymerization, a
sarople of polymerization solutinn was aken for GO apalysis: no sigmficant amount of
DPMDBT was detected. This rosnlt i3 important because ¥ means that the DIMDRT TARPA
comnplex was stable during the polynierization, which I8 a requirement for imprinting ©
occur successluily. The adsotbed DIMDBT. catalysl and onreacted monomer ware
extracted from the MIP-silicn product by Soxblet extraction for 24 hours using toliene as

ex were drted nnder vacuum at 23 souHg and 30

,,..4

the solvent. Finally, the MiP-silica partic
°C for 8 .

Fable 5 summarizes these estimated grafted medar smounts or weight amounts,
The reaction fime for grafting TAPA functional group was 6 e, and the geafting density
for TAPA was 0.065 mmolg silica, {n order to compare the mmpact of TAPA grafting
dersity on binding behavior, another sample with higher grafling density of TAPA
{reaction time 22 hr) was prepared. Figure 11 shows the TGA scans for this second sample
follreang sach wodification step, and Table & prosenis the ostimated grafted molar

amounts for this sumple. By comparison, a higher BPA grafting densily was ohyerved for

»)./

he silice

s

SR

4»‘

ace with a lower grafling density of TARAL This result makes sense because
there are more resctive epoxy groups available for reaction on the silica that has a lower

pumber of TAPA groups. An imferesting finding s thal more polymwr was grafted

i

suceesstully from the surface with g lower inttistor density, possibly due to the dloss

proximuty of the growing polymer chains lod o bigher degrees of chain terminstion for the

sample with lughsr Inttigior density.
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What s olaimed s

A process for producing an adsorbent comprising
{(A)  reacting & metal oxide with an alkoyy zidane 10 producs an o epoxy-
functionalized metal oxdde
() reacting the product of step A with anamina-subsituted propiorae seid;
{1 reacting the product of step B with an nlire-substitated Hoorenone; and
{0y grafiing the product of step © to said epoxy ired metal oxide,
whersn said grafted prodact comprizes said adsorbent,
2. The process of claam | whersin said prodact of step € comprises 2,45, 7-etramtro
S-fluorenviideneaminooxy propionis acid.
3 The process of claim 1 wherein said metal oxide i seleciod from the group

4. The process of claim T wherein said metal oxide comprises sthea.

(%43

The process of elaim 1 wherenn said alkoxysilane comprises 3-ghveidvloovpropyl

rimsthoxysilans.

5. The process of olainy 1 wherein step D comprises at least ong grafting step.

The process of claimy 1 wherein said nitre-substitnted Sourenone  cownprises

24,5 T tetramtroiluorenone.

]

The provess of cladm 1 wherein ssid smino-substituted propionie acid conprises 2-

{isopropshidencanynoosyiproptonic acid
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9, The process of clann 1 owherein a hpdrocarbon mixture comprising at loast one
sulfir comtaining compoand I8 contacted veith sabd adsovbent {0 remove sad at

feast one sulfur contatning compound.

Ji—
fpoe]
P

tonch
o7
bt
fo
st
=
it
;,
by q
o

gosulfur-contaiing  compound 8

of  thiophens,  bensothinphene,
il The process of elaim 10 whereln satd at least one sulfurcontaining compound

comprises 4, 6-divnethyldib

12 The process of clamn 9 wherein satd at least one sulfu d fors

,,.
o
1
=
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tord
=
1
ookt
fee
ey
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o
(o)
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A
‘ar
k
o
%
foud

a charge transfer complex with said nitro-substinied flovrenong.

P
e

A process [or adding polymerization groups to an adsorbom comprising

4

{A} reacting a metal oxide with sn alkoxy silane Yo produce am opoxy-

i

(B} reactuing the product of slep A with
an woino-substitnted propionie avid;
(€Y reacting the product of step Bowith an nitro-substined fluorenone; and

(0 grafting the product of step 1o said epoxy-functivmalized metal oxide,

wherein said grafted product comprises said adsorbent;

14, The pocess of clumm 13 wherein sudd product of step £ vownpe

tro-S-fluorenyhideneamunooxy propiomc ackl.
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The process of clapm 13 whoersin said motal oxide i selected from the group

sonststing of silica, alomine sl zeolites.

i RN ATV e NS 3 e R g LY Wit SO
The process of claine 13 wherein said metal exide comprises silica

The process of olaim 13 wherein said alkoxysilang comprises 3-ghveidyioxypropyl

trivnethoxvsilane

The process of elaim 13 wherein step T3 comprises at {east one grafting step.

The process of clam 13 swherein smd niro-subsiituled Hourenone compnses

2, §w % Tetraniirofluorencne,

The process of claim 13 wheran said amino-substituted propionic acid conprises

2-{isopropyhidencannnooxyipropionic acid.

The process of claim 13 wherein said bromo-substituted propronie acd comprises

2-bronwproptonic acid,

The process of claim 13 whersin 2 hydrocarbon mixture comprising at least ooe

sulfor containing compound is comacted with said adsorbent andior said product of

-

step B o remove suid at least one suifur comtaimng compound

5y

The precess of claim 22 whoreln ssid al least one  sulfur-containing

compound 13 selected  from the  group comsistig of  thiophens,

f

berzothiophene, dibenzethiophene and their ivatives.

y,’

The process of claim 23 wherein sadd at least one sudfwe-containing compound

comprises 4,0-dimethyvldibenzothiophene.

s
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23 The process of clalm 22 whersin said at least ope salfly containing compound

~ Y

forms a charge transter complex with smd nitro-sebstiteted Hovrenone,

AR
Y
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