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Cylindrically shaped macroscopic-in-size bodies of aluminum-doped silica possessing uniformly sized
mesopores have been used as supports for copper- and silver-based formulations in the selective adsorption
of propene against propane in the gas phase. The metal addition was achieved usingohgDlO®
(NO3), in aqueous solution by either postsynthesis incipient wetness impregnation or direct incorporation
in the synthesis stage, the overall metal content in samples being 2, 5, 10, and 20 wt %. The effect of
metal addition on the degree of Al insertion into the silica matrix was evaluateédAbynagic-angle
spinning NMR. The nature of surface metal species was studied by X-ray photoelectron spectroscopy
and temperature-programmed reduction byladividual adsorption of propene and propane was measured
at room temperature, and the selectivity coefficient was calculated as a function of the pressure and
molar fraction of propene in the binary gas mixture. Within the series of Cu-derivatized adsorbents, the
equilibrium selectivity is a complex function of the nature, amount, and dispersion degree of the copper
species available on the surface. Contrary to expectations, both Cu(l) and Cu(ll) states may give good
propene-propane selectivity performance. For Ag-containing adsorbents the selectivity is mainly related
to the nature and distribution of the silver species exposed on the surface, showing little dependence
upon the overall Ag(l) content. The shaped sample functionalized with only 5 wt % of silver in the
synthesis stagAg5SiAl20) appears to be the best monolithic adsorbent since it combines good selectivity
performance (selectivity ratio of 37) and high specific surface area (ca. 9@0%n Compared to fine-
particle porous materials previously reported in the literature, the monolithic adsorbent form is more
useful for industrial uses.

Introduction in the blow-down step. Sulfonic acid resins, silica gel,

) ) ) y-Al,0;, zeolites, pillared clays, and ordered mesoporous

Selective adsorption from the gas phase is an altemnategjjica ysed alone or as high-surface-area supports for
approach to distillation for the separation of alkemékane  igpersing transition-metal cationssncomplexation adsor-

mixtures. Progress in the preparation of solid adsorbentspenis have been reported to selectively adsorb light alkenes

possessing appropriate adsorptive characteristics, such agqainst their saturated counterparté.Javelin and Fair also

selectivity, capacity, rgte, and re'versibility,. has allowed the proposed a three-step breakthrough procedure for prepene
development of cyclic adsorptierdesorption processes

involving solid—gas systems. Pressure/vacuum swing ad- (2) vang, R. T.; Kikkinides, E. SAIChE J.1995 41, 509.

sorption (PSA-VSA) principles constitute the basis for an (3) Chen, J. P; Yang, R. Tangmuir1995 11, 3450.
fficient fi . hich th d bent bed i (4) Cheng, L. S.; Yang, R. TAdsorption1995 1, 61.
erfcient separation process in whic e adasorpen ed Is (5) Chen, N.; Yang, R. TInd. Eng. Chem. Re4996 35, 4020.

cycled from adsorption to desorption by changing the press- (6) Rege, S. U.; Padin, J.; Yang, R. AIChE J1998 44, 799.

ure inside the adsorbérere the solig-gas system is not () ?;g‘g‘g' H.Y.; Padin, J.; Yang, R. . Phys. Chem. 8999 103
far from attaining adsorption equilibrium, and a very selective (8) Huang, H. Y.; Padin, J.; Yang, R. Tad. Eng. Chem. Re4999 38,
i i i it 2720.
adsorbent is needed if alkene of high purity is to be recovered () Padin, 3. Yang, R. TChem. Eng. Sc2000 55, 2607.
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propane separation from a gas mixture diluted with an inert macroscopic monolith, a cast of the parent liquid-crystalline
gas using zeolite molecular sieves and activated catbon. phase, is dictated only to a limited extent by the reagents
A relatively concentrated stream of propene can be removedand synthesis conditions so that the adsorbent can be easily
during regeneration cycles by a variable-temperature stepwiseformulated for a particular application already in the synthesis
desorption and without the use of diluents. stage without any further costly treatment.

In any industrial implementation of alkenalkane separa- The intention of the present study was to prepare mono-
tion the structural and surface properties of the adsorbentlithic silica-supported adsorbents having high selectivity and
should be modeled according to the specific cost and capacity for alkenealkane adsorption in the form suitable
operational conditions. The commercial use of microporous for industrial use. In our previous rep&rtopper- and silver-
adsorbents in cyclic adsorptiemesorption processes is functionalized adsorbents supported on cylindrically shaped
limited by low reversibility and slow diffusion effects at macroscopic-in-size silica bodies with a regular pore network
ambient temperatures and by the risk of coke deposition overwere synthesized via the DLCT method using commercially
the solid surface or alkene polymerization when higher available nonionic surfactants as templates. The metal
process temperatures are appfiéti!” New process designs  addition was achieved by ion exchange with an appropriate
for adsorptive separation can take advantage of the promisingmetal nitrate in aqueous solution on the moulded and calcined
results obtained with copper- or silver-functionalized substrates to yield porous adsorbents containing highly
adsorbent§35791213 r-Complexation bonding of alkene dispersed Ag(l) and Cu(ll) cations. The ion-exchange capac-
molecules to the surface active sites is stronger than thatity of the materials was enhanced by doping the silica
induced by van der Waals forces alone, leading to high framework with various amounts of aluminum. High adsorp-
adsorption selectivity and capacity for the unsaturated gastion selectivity of propene over propane at low alkene
component. At the same timebonds between alkenes and concentrations in the gaseous mixture was predicted from
transition-metal ions are weak enough to be broken during measurements of the individual adsorption of both compo-
simple engineering operations such as raising the temperatureents. It was ascribed to chemisorption of the unsaturated
or decreasing the pressure in the systé®everal materials  hydrocarbon molecules on surface sites due to the presence
preparation variables including the synthesis route and theof the transition metal. Since cuprous salts are not water
method of metal addition were shown to affect selective soluble a Cu(l)-functionalized adsorbent was obtained by a

adsorption of alkenek?1213

partial reduction of a Cu(ll)-exchanged precursor in the

The external form and size of the adsorbent preparationssorption apparatus and the adsorption tests were performed
is another factor to be taken into consideration in the processimmediately after reduction to avoid the disproportionation
design. To limit the pressure drop over the adsorbent bedof Cu(l) to Cu(ll) and metallic copper. The following trend
use of powdered samples is excluded, and particulateof the metal cation effect was obtained for the equilibrium

adsorbents or monolithic structures are more suitable.

selectivity on the derivatized adsorbents: "Ag Cu* >

Ordered mesoporous silica possessing large internal sur-Ct?*. The amount of Al in the framework appeared to have

face area and high porosity with controllable and narrowly

little effect on propenepropane selectivity.

distributed pore sizes prepared by surfactant-assisted syn- To complete the previous work cylindrically shaped

thesis are promising candidates for adsorbate supp&rts.
Numerous reactive SiOH groups on which to underlie
chemical modification of the surface and the possibility of
incorporating various heteroatoms into the silica frame-
work'®20may result in a wide range of modified products.

adsorbents functionalized with different amounts of copper
or silver were prepared using incipient wetness impregnation
and direct incorporation as methods of copper and silver
addition from aqueous solution of AgN©r Cu(NGy),. Two

series of aluminosilicates derivatized with different amounts

Silica materials containing transition metals can be preparedof metal were obtained. The suitability of the prepared

by a variety of method$!2132+23 among which incipient

adsorbent formulations for selective alkeradkane adsorp-

wetness impregnation is a standard technique used bytion was assessed on the basis of the individual adsorption
industry in adsorbent and catalyst preparation. With the direct of propene and propane from the gas phase. The nature and

liquid crystal templating (DLCT) pathway in high-concentra-
tion surfactant solutiori$ 26 the nanostructure of the resulting

(14) Javelin, H.; Fair, J. RInd. Eng. Chem. Re4993 32, 2201.

(15) Da Silva, F. A.; Rodrigues, A..Hnd. Eng. Chem. Red.999 38,
2051.

(16) Peterson, D. L.; Helfferich, F.; Griep, R. Boc. Chem. Ind., London
1968 217.

(17) Boucheffa, Y.; Thomazeau, C.; Cartraud, P.; Magnoux, P.; Guisnet,
M.; Jullian, S.Ind. Eng. Chem. Re4.997, 36, 3198.

(18) Humphrey, J. L.; Keller, G. E., ISeparation Process Technology
McGraw-Hill: New York, 1997.

(19) Chen, L. Y.; Jaenicke, S.; Chuah, G. Microporous Mater.1997,
12, 323.

(20) Tuel, A.Microporous Mesporous Matef.999 27, 151.

(21) Ziolek, M.; Sobczak, I.; Decyk, P.; Nowak,$tud. Sci. Catal1999
125 633.

(22) Hartman, M.Stud. Sci. Catal200Q 128 215.

(23) Miller, J. T.; Schreier, M.; Kropf, A. J.; Regalbuto, J. R.Catal.
2004 225, 203.

content of silver and copper species is shown to be very
important in optimizing the propengropane selectivity.

Experimental Section

Chemicals. Tetraethyl orthosilicate (TEOS) and the nonionic
poly(ethylene glycol) dodecyl ether surfactant Brij30 were pur-
chased from Aldrich. Copper nitrate trihydrate, Cu(@}BH,0,
and aluminum nitrate nonahydrate, Al(N@9H,0, were Merck
products. Silver nitrate, AgN§ and a 0.1 M nitric acid solution
were obtained from Fisher. Gaseous ammonia, nitrogen, helium,
propane, and propene of high purity were supplied by Air Liquide.

(24) Gdtner, C. G.; Antonietti, M.Adv. Mater. 1997, 9, 431.

(25) Tolbert, S. H.; Firouzi, A.; Stucky, G. D.; Chmelka, B. &cience
1997, 278, 264.

(26) Roziee, J.; Brandhorst, M.; Dutartre, R.; Jacquin, M.; Jones, D. J.;
Vitse, P.; Zajac, JJ. Mater. Chem2001, 11, 3254.
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Adsorbent Preparation. The typical synthesis route used to 10 vol % hydrogen and 90 vol % helium was passing through the
prepare the shaped aluminosilicates following the direct liquid- system at a flow rate of 50 mL mif. The change in hydrogen
crystal templating pathway in high-concentration surfactant solution concentration was monitored continuously with a thermal conduc-
and acidic medium is detailed in ref 13. The mass ratio of water: tivity detector (TCD). Any HO produced during the reduction of
Brij30: TEOS was 1:1:3. Aluminum nitrate was added as the last the adsorbent was trapped using a dry ice trap.
reagent to a homogeneous mixture of dilute HN®rij30, and Hydrocarbon Adsorption Measurements and Selectivity De-
TEOS. The Si:Al molar ratio was 20, and the resulting material is termination. The individual adsorption of propane and propene
further designated SiAI20. Cylindrically shaped SiAl20 was made from the gas phase at 298 K was studied using a Micromeritics
in appropriate glass moulds, aged for several days, and calcined aASAP 2010 apparatus. A solid sample of ca. 150 mg was placed
833 K for 6 h under a flow of air. The resulting crack-free cylinders in a glass cell and outgassed overnight at 523 K. Then it was cooled
of ca. 2 mm in diameter and-3% mm in length were subsequently to 298 K in a flow of helium. During adsorption measurements
derivatized with varying amounts of copper and silver by incipient successive doses of the reactive gas (propene or propane) were sent
wetness impregnation using agqueous solutions. The desired amounbnto the sample until a given equilibrium pressure was reached.
of Cu(NG;), or AgNO; was dissolved in sufficient water just to  The amount adsorbed was determined after each adsorption step.
fill the pore volume of the support. A solid sample of 0.5 g was The adsorption procedure was continued up to an equilibrium
first dried overnight at 373 K, immersed in the previously prepared pressure of 760 Torr. The individual adsorption isotherms of
solution, and then placed in a tightly sealed glass vial. The propane and propene under static conditions were subsequently used
impregnation stage was carried out at room temperature for 2 days.to calculate the equilibrium selectivity of propene toward propane
Afterward, the impregnated sample was dried at 373 K. The from the following equatiot?
functionalized aluminosilicates are referred to as $i1X| where
M denotes the added metd¥l (= Cu or Ag) andX is the metal I')(1-Xy)
content in the final sample (wt %). 1= T (€]

Subsequently, cylindrically shaped SiAl20 were prepared by
direct incorporation of copper or silver in the initial synthesis stage whereX; is the mole fraction of propene in the hypothetical mixture
through addition of the desired amounts of Cu@{e3H,O or of propane(1l) and propene (2) aﬂ]"qj(‘l =1, 2) is the amount
AgN03 salts, Stirring first with TEOS for 5 min and then with dilute adsorbed of a given component from a Sing|e gas phase.

HNO; for about 30 min to obtain a transparent solution. Brij30

was added afterward and the mixture again stirred for 10 min before Results

introducing AI(NG;)3-9H,0. The postsynthesis treatment, moulding,
and calcination were performed following the operating procedures
described previously. Depending on the typ# @nd amountX)

In laboratory-scale adsorbent preparation it is important
to optimize the amount of aluminum incorporated in the silica
of incorporated metal, the aluminosilicates of this category are framework. On one hand, framework-substituted silica

designatedVXSiAI20. The copper or silver contedtin a sample  Presents improved thermal and hydrothermal stability com-
was varied between 2 and 20 wt %. pared to the purely siliceous matert&lOn the other hand,

Adsorbent Characterization. Solid-state’Al NMR spectra were ,materials rich in alumir_]um possess broader pores and their
recorded at 104.3 MHz using a Bruker ASX400 spectrometer. internal nanostrupturg is less well ordered. In the context of
Measurements of nitrogen gas adsorption onto cylindrically shapedthe€ present application, the presence of ‘extraframework’
samples at 77 K were carried out with the aid of a volumetric @luminum that provides Lewis-type acidity in various alu-
Analsorb 9011 apparatus developed in house. Prior to adsorptionminosilicates should be also mentionédPadin and Yany
experiments samples were outgassed overnight down toTiir showed that a transfer of electron density from the silver
at 493 K. Determination of parameters describing the ‘average’ ions to the Lewis-acid sites at the surface of alumina
pore network, i.e., the mesopore specific surface afag, the weakened ther-complexation bonds with alkenes and that
mesopore and micropore volum&.esandVimic, and the mesopore e silica provided a better substrate due to the lack of
diameter,d,, was based on the improved MP metttéd-ray  ¢qordinatively unsaturated &l ions. With the aluminosili-
gto?is;?ggg%ﬁggﬁlog 0((;(::1 it)rjgaelztss VL‘J’?S g:r\:\l,iﬂ gu'\taév :ih Acates studied in the present work the Si:Al molar ratio in

4 auipp the shaped adsorbents was adjusted to 20 so as to maximize

X-ray excitation source (300 W, 15 kV, 1253.6 eV) and a h . il bsti d by alumi inth I
hemispherical electron analyzer. The spectra of cylindrically shapedt e proportion of silicon substituted by aluminum in the walls

samples (ca. 150 mg) were recorded in the constant pass energ?! the mesoporous silica.

mode at 29.35 eV using a 720m diameter analysis area. PHI The dispersion of copper or silver over the surface of

ACCESS ESCA-V6.0 F software was used for acquisition and SiAl20 by incipient wetness impregnation appears to have
analysis of data. Binding energies (BE) were referenced to the C no effect on the degree of Al incorporation. The impregnated

1s line at 284.8 eV and determined with resolution as good as 0.1samples contain some ‘extraframework’ aluminum (mostly

eV. A Shirley-type background was subtracted from the signals. gctahedrally coordinated), as in the pristine substdafar

The recorded spectra were fitted assuming Gaussiarentzian e materials derivatized during synthesis the effect of copper

pleak si:ape SOI as lto ietermin'i the binding engrgy dOf i.he V?rr:aoé‘sor silver addition is illustrated by’Al MAS NMR spectra
element core [evels. Temperafure-programmed reducton ( )in Figure 1. The NMR spectra of the calcined samples all
measurements were performed utilizing a Micromeritics AutoChem

2910. A weighed amount (ca. 150 mg) of the sample was held in present an mtensg resonancgéaSZ ppm arising f,rom
a quartz reactor. The vapor impurities were removed by flowing tetrahedra"y_Coordm?ted alum!num a”‘?' a second liné at
helium over the sample at a flow rate of 30 mL mirat 523 K for 0 ppm from six-coordinate aluminum noticeable only for low

2 h, and then the system was cooled to room temperature. ReductiorfOpper and silver Iqadings. As the amount of transition-mgtal
of the adsorbent was carried out from room temperature to 923 K added to the aluminosilicate framework increases, the first

using a heating ratef® K min—%. During TPR runs a mixture of ~ signal becomes somewhat broader and more intense whereas
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Figure 1. 27Al MAS NMR spectra of cylindrically shaped aluminosilicates prepared with a Si:Al ratio of 20 and functionalized with copper and silver by
direct incorporation in the synthesis stage.
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Table 1. Specific Surface Area $set), Mesopore Surface Area Emeg, Mesopore ¥/meg9 and Micropore (Vmic) Volumes, and Mean Mesopore
Diameter (dp) of the Shaped Aluminosilicates Derivatized with Cu(ll) and Ag(l) by Impregnation and Drying

sample Seer(M?gY) Snes(M?g™?) Vimes(CMPg™?) dp (Nnm) Vimie (cmPg™)
SiAI20 911 639 0.38 2.4 0.07
SiAI20Cu2 848 595 0.38 2.6 0.05
SiAI20Cu5 871 564 0.41 2.9 0.07
SiAl20Cul0 489 277 0.21 3.0 0.05
SiAI20Cu20 454 260 0.18 2.7 0.04
SiAI20Ag2 917 678 0.41 2.4 0.05
SiAI20Ag5 927 670 0.46 2.7 0.05
SiAI20Ag10 603 404 0.24 2.4 0.05
SiAI20Ag20 577 355 0.23 2.6 0.05

Table 2. Specific Surface Area $set), Mesopore Surface Area Bmeg, Mesopore ¥/me9 and Micropore (Vmic) Volumes, and Mean Mesopore
Diameter (dp) of the Shaped Aluminosilicates Derivatized with Cu(ll) and Ag(l) by Direct Incorporation in the Synthesis Stage

sample Sser(M?gY) Snes(M?g 1) Vimes(cm®g™?) dp (NM) Vimic (cmPg™Y)
Cu2SiAl20 784 536 0.30 2.2 0.08
CuSSiAI20 813 547 0.31 2.3 0.07
Cul1GBiAl20 960 819 0.44 2.2 0.03
Cu20SiAI20 875 670 0.46 2.7 0.03
Ag2SiAI20 909 633 0.34 2.1 0.07
Ag5SIAI20 890 632 0.34 2.2 0.07
Ag10SiAI20 841 584 0.32 2.2 0.07
Ag2GBiAI20 585 424 0.25 2.4 0.05

the relative intensity of the second signal diminishes. not exceed 5 wt %, small alterations are observed. For high
Therefore, extraframework Al is progressively transferred metal loadings corresponding to 10 and 20 wt % of metal in
into either the framework or highly disordered, NMR-silent the sample the surface parameters undergo significant
environments. The disappearance of signal arising from modification during impregnation. A decreaseSger and
octahedral Al with increasing transition-metal content is more consequent decrease\fpesallow pore blockage by growing
pronounced in the case of coppeCulCSiAl20 and metal clusters to be postulated. The above changes should
Cu2@SiAl20 seem to contain uniquely framework Al. be interpreted with caution because of significant uncertainty
Surface Area and Pore Size of Functionalized Adsor-  in the surface parameters determination inherent in the
bents. All isotherms (not shown here) of nitrogen gas adsorption model and evaluation method used. Some ir-
adsorption at 77 K onto cylindrically shaped aluminosilicate regularity in the trends observed may be certainly ascribed
bodies derivatized with Cu(ll) and Ag(l) are characteristic to hydrolytically induced changes in the adsorbent porosity
of materials with small mesopores. The specific surface areaduring the postsynthesis functionalization in addition to
and pore structure parameters of adsorbents obtained byuncontrolled pore blockage. After all, these changes are still
impregnation and drying are given in Table 1, and those of less pronounced than those induced by ion exchange,
samples prepared by direct incorporation in the synthesisespecially in the case of silvét.
stage are reported in Table 2. The surface parameters of the In contrast, direct incorporation of Ag(l) or Cu(ll) nitrate
pristine material SiAI20, taken from ref 13, are included in is accompanied by a small increase in the average pore
Table 1 for comparison purposes. diameter. For samples with high metal content this deriva-
Impregnation and drying of the shaped aluminosilicates tization procedure better preserves the porosity compared to
cause theilSget, Snes and Vimes parameters to decrease and ion exchange and incipient wetness impregnation. For
their d, values to increase, the effects being more pronouncedsamples containing silver th&er value decreases with
in the case of copper. When the transition-metal content doesincreasing metal content. The specific surface area of
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Figure 2. XPS spectra of Cu 2p core levels acquired from two shaped aluminosilicates with 10 and 20 wt % copper loadings and the corresponding curve
fits obtained using Gaussian line shapes with a linear background: (A) Cu-impregnated adsorbents and (B) Cu-containing adsorbents prepared by dire
synthesis.

Table 3. Peak Fit of the XPS Cu 2pj; Core Level and Elemental

Ag2(BIAI20 is almost one-half that of the other samples, Chemical Analysis in the near Surface Region of Cu-Impregnated

whereas the mean pore diameter is only a little greater. This Cylindrically Shaped Aluminosilicates
adsorbent also has the smallest pore volume. It seems™ gymple SIAI2Cu2 SIAI20CUS SIAI20Cu10 SiAI20Cu20
propable that a large proportion of gctlve silver S|te§ Are . 2nnBE (eV) 933.5 (15%) 933.2 (20%) 933.2 (10%) 933.2 (7%)
within the pores, where they form bigger clusters with a 935.8 (85%) 936.0 (80%) 935.8 (90%) 935.7 (93%)
concomitant decrease in the degree of dispersion andg_u a.c.(g/;) g(-)Sgg éb3§6 3-6126 if?és

. ape . . la.c. ("o . . . .
S|gn|f|_cant pore bloc_kage. In the case of Cu(ll)-_derlvanzed Oac. (%) 69.05 6798 69 58 76.12
materials the trends iBer, Vines @andd, with increasing metal Ala.c. (%) 1.12 a a a
content are less regular. For example, incorporation of 20 Cu:Si atomic ratio 0.016 0.044 0.116 0.431

wt % of copper is possible without greatly compromising  2No data available (overlapping of Al 2p and Cusgsignals).
the large surface area, the high pore volume, and the small .

dg gn p block I Table 4. Peak Fit of the XPS Cu 2p); Core Level and Elemental
pore diameter. In consequence, pore blockage cannot really Chemical Analysis in the near Surface Region of Cylindrically

be deduced from the observed changes. Shaped Aluminosilicates Derivatized with Copper by Direct
XPS. Characterization of the oxidation state of copper and Incorporation in the Synthesis Stage
silver in metal species present on the surface of the sample CuZSiAI20 Cu5SiAl20 CulCBiAI20 Cu2(BiAI20
derivatized adsorbents may be made by means of X-ray Cu2p,BE (eV) 933.9 933.7 (77%) 933.7 (64%) 933.7 (58%)
photoelectron spectroscopy (XPS). Representative XPS 936.5 (23%) 936.5 (36%) 936.5 (42%)
‘ f the Cu 2 ) ed f cu. Suac (%) 0.19 0.57 1.01 4.37

spectra of the Cu 2p core regions acquired from Cu- gjac (o) 30.67 3013 30.06 2773
containing samples loaded with 10 and 20 wt % of metal Oa.c. (%) 67.76 67.58 68.93 67.90
are presented in Figure 2. They are of low signal-to-noise Alac. (%) 138 112 a a

Cu:Si atomic ratio 0.006 0.019 0.034 0.158

ratio type as a consequence of a short acquisition time of 10
min used to examine the core level C 1s and Cu 2p regions *No data available (overlapping of Al 2p and Cusgsignals).
in order to avoid, as much as possible, photoreduction of
Cu(ll) species. Large shake-up satellite peaks on the high
binding energy side of the main photoelectron peaks are
characteristic of the Cu(ll) oxidation state. The appropriate
curve fits are also shown in Figure 2.

For each of the impregnated samples the peak fit of the
Cu 2py; core level reveals two binding energy states. The
peak positions and relative contributions from these features™"" . o . e
in the spectrum are collected in Table 3. The largest in'[ensityvarlous elements anq taking into account atomic sensitivity
peak components at 935:936.0 eV in the Cu 2, core factors for all the orbitals scanned.
region can be assigned to a dispersed Cu(ll) state associated Interpretation of the XPS spectra of aluminosilicates deriv-
with nitrate specié& possibly remaining on the surface after atized with copper by direct incorporation in the synthesis
drying. This observation is in agreement with the blue-green Stage is more complicated. Examples of XPS scans are shown
color of the impregnated aluminosilicates, independent of in Figure 2 B. The peak fit of the Cu gpcore level reveals
the metal loading. Peaks at 933.2 or 933.5 eV are indicative W0 binding energy states, which are reported in Table 4
of the presence of CuO at the surface, the Correspondingtogether with their relative contributions. In the case of

binding energies being close to the 933.6 eV position
observed in the XPS spectrum of ‘bulk’ copper oxide
deposited on a thin SiXfilm.28 The relative contribution
from this form of copper attains a maximum of 20% on the
surface of SIAI2Cu5 Table 3 also summarizes some atomic
contents in the near surface region of the impregnated
samples calculated from the XPS peaks corresponding to the

(27) Moreno-Tost, R.; SantamiarGonZéez, J.; Maireles-Torres, P.; Ro- (28) Espinos, J. P.; Morales, J.; Barranco, A.; Caballero, A.; Holgado, J.
driguez-Castello, E.; Jinimez-Lpez, A.Catal. Lett.2002 82, 205. P.; GonZéez-Elipe, A. R.J. Phys. Chem. B002 106, 6921.
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Table 5. Peak Fit of the XPS Ag 3@, Core Level and Elemental
Chemical Analysis in the near Surface Region of Ag-Impregnated

Cylindrically Shaped Aluminosilicates 3ds2
sample SIAI2B\g2 SIAI20Ag5 SiAI20Ag10 SiAI20Ag20 60 min 3ds2
Ag 3ds2 BE (€V) 368.4 (82%) 368.6 368.4 368.3
369.5 (18%)

Ag a.c. (%) 0.68 2.48 4.30 6.64

Sia.c. (%) 29.64 27.66 26.67 24.71 >

Oa.c. (%) 68.21 67.38 64.79 62.57 i

Ala.c. (%) 1.31 1.54 2.01 1.85 8

Ag:Si atomic ratio 0.023 0.090 0.161 0.269 £

Table 6. Peak Fit of the XPS Ag 3d); Core Level and Elemental 10 min

Chemical Analysis in the near Surface Region of Cylindrically
Shaped Aluminosilicates Derivatized with Silver by Direct
Incorporation in the Synthesis Stage

sample AgZSIAI20  AgSSIAI20 AglGBiAI20 Ag2GSiAI20 375 370

365
Ag 3652 BE (eV) 368.2 (77%) 368.4 (82%) 368.3 (87%) 368.4 "
) 369.3((23%)) 369.6 ((18%)) 369.5 ((13%)) binding energy (eV)
Ag a.c. (%) 0.36 0.57 1.29 2.99 Figure 3. Influence of irradiation time on the XPS core-level Ag 3d
Sia.c. (%) 29.32 29.54 29.58 29.82 spectrum ofAg1GSiAI20.
O a.c. (%) 68.78 68.59 67.47 65.35
Al a.c. (%) 1.53 1.29 1.45 1.38

peak that can be seen in XPS spectra within the Ag Sdec-

tral region. Even though the corresponding binding energies
CuZSiAl20 curve fit of the XPS spectrum gives two peaks point to metallic silver, this peak is assigned to a dispersed
centered at about 933.9 and 953.3 eV for the Cgh2md Ag(l) state. One of the reasons is that XRD has not revealed
2p12 core levels. Since no shake-up satellites are observedthe presence of any diffraction lines attributable to crystallites
the presence of a Cu(l) state is to be postulated. The featureof metallic silver in SiAI2g2Q Furthermore, the impreg-

at 933.7 eV also dominates in XPS scan€atSiAl20 and nated adsorbents were colorless, which is compatible with
CulGBiAl20, which look very similar. Shake-up satellites the presence of AgN{ whereas the slightly brown-black
appear in the XPS spectra of the Cu 2p core regions acquiredcolor of Ag2G5iAl20 pointed out the existence of AQ in

from samples with copper loadings higher than 2 wt %, this sample. It is knowd§ that surface dispersion of deposited
indicating the presence of Cu(ll) species. A feature at 936.5 species and their interaction with the support may cause a
eV can be assigned to Cu(ll) ions residing in the exchange marked increase in the corresponding binding energy moni-
sites at the adsorbent surface and coordinated to the surfacéored by XPS. An additional feature observed, for some sam-
oxygen? The spectrum acquired fro@u20SiAl20 is quite ples, within the 369.3396.6 eV Ag 3d,; region can be as-
different from the others since high satellite intensities can signed to metallic Ag, appearing on the surface as a result
be seen within the 940947 eV spectral region. It is noted of XPS-induced reduction of Ag(l) species. The intensity
that this sample was black at the beginning of the XPS from Ag(0) is absent in XPS scans obtained with a short
measurements, and a preliminary XRD study revealed theacquisition time, as illustrated in Figure 3. The results of the
presence of CuO crystallites, at least in the bulk of the solid. elemental chemical analysis are reported in Tables 5 and 6.

Thus, the peak at 933.7 eV can be here assigned to CuO, TPR. Further information about the nature and distribution
the concentration of which is higher than that corresponding of the copper and silver species on the adsorbent surface
to Cu(ll) in the framework. In consequence, there are at leastcan be obtained from HTPR measurements.

two different copper species on the surfaceCo2(5iAI20 Figure 4 illustrates the influence of metal loading on the
with intensities from Cu(ll) largely dominating in the XPS  \,;majized TPR profiles acquired from the surface of Cu-

scan. The elemental atomic contents in the near surfac€qgnaining cylindrically shaped aluminosilicates. The nor-
region of the above samples are given in Table 4. malized H consumption was obtained by subtracting the

In the case of aluminosilicates derivatized with silver use igina| TPR signal from the baseline and dividing the result
of XPS to identify the valence state of Ag is a delicate task by the overall Cu content in a given sample. At first sight a

because the theoretical binding energy values for Ag3d gjngle reduction process can be observed for each Cu-
with different oxidation states of silver are close, i.e., 368.2 impregnated adsorbent in Figure 4A. The corresponding peak

and 367.7 eV for Ag(0) and Ag(l) states, respectivEljn is large and asymmetric with the temperature of reduction
acquisition time of 60 min was thus used to obtain clear XPS 1, 4vimum T, attaining values in the range 47895 K and

spectra that could be reliably processed. The binding eNnergyincreasing with copper loading. The height and width of the

states inferred from the peak fit of the Agsadcore level o4y ction peak also increase with increasing metal addition.
for the eight samples are given in Tables 5 and 6. The MaJor hepending on the hydrogen concentration, flow rate, and

intensity is observed petween 368.2 anq 368.6 eV_, dependin%eating rate a spread ®f, values (611640 K) correspond-
on the sample studied. For aluminosilicates with a large jng 1o reduction of the Cu(ll) state to metallic copper is
amount of silver available on the surface this is the only reported for samples of unsupported CuO obtained by nitrate
ok D : : calcination3**2The value ofT,, for a silica-supported CuO
ggg geﬁs"s"!.c,\)lfﬁéﬂ?sgfmébyc’sr_r.c’aeiﬁl%7.?‘éf&%ge'ois s Chaumont. Was found to be about 570 K.Two maxima in the rate of
D. Thin Solid Films2005 474, 245. hydrogen uptake obtained on Cu(ll)-exchanged zeolites were
ydrog p g

Ag:Si atomic ratio 0.012 0.019 0.044 0.100
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Figure 4. Hx-TPR profiles for the shaped aluminosilicates derivatized with copper by (A) impregnation and drying and (B) direct incorporation in the
synthesis stage. Thexkddonsumption scales are the same.

usually assigned as follow3:the first low-temperature  SiAl20Cu2 Since less copper is accessible at the surface of
maximum is due to reduction of CuO to Cu(0) and partial Cu2SiAl20 also, the above results are in agreement with the
reduction of Cu(ll) ions to Cu(l); the second maximum presence of surface Cu(l) species deduced from the XPS
corresponds to reduction of Cu(l) species strongly interacting study. The TPR profiles of samples with a higher copper
with the support. The one-step process observed in theloading contain a single reduction peak, centered between
present work is assigned to reduction of different Cu(ll) 490 and 500 K, the intensity of which increases with
species, like CuO and Cu(NJ, directly to metallic copper  increasing copper content. A shoulder of small intensity
as no features in the #TPR profiles are detected at high between 520 and 650 K accompanies each of these peaks,
temperatures. Various aggregation states of the copperbut this is not very visible in Figure 4B. The peak core
compounds present on the surface and their interactions withcorresponds to reduction of dispersed Cu(ll) ions to metallic
the support should result in different susceptibilities to copper, whereas the shoulder likely represents a Cu(l) state.
reduction®334 In the case of SiAl2Qu2 the first low- The overall H consumption per unit mass of copper attains
temperature peak is followed by a second peak of weakthe following values: 0.7 s.u.CuSSiAl20; 1.1 s.u.,
intensity at the temperature region corresponding to that CulGSiAl20; 1.5 s.u.,Cu20BiAl20. This means that an
reported for reduction of supported CuO aggregates. The low-important fraction of Cu(ll) species is incorporated in the
temperature feature may be thus assigned to reduction offramework and thus not reducible.
better dispersed Cu(ll) species. For two samples with the  Silver oxide AgO and silver ions Ag reduce more readily
highest copper loading reduction occurs in a very brdad  than their copper homologues. For example, reduction of Ag-
range (406-620 K). It may be that increasing the amount (1) ions to Ag(0) in zeolite Y was found to occur already at
of Cu(NG;), deposited on the surface during impregnation 393 K, whereas the lowest temperature of first major
results in complete loss of resolution of two reduction reduction maximum reported for Cu(ll) in zeolites was 440
processes in the TPR profile and only one-step reduction isK.3% The maximum reduction of bulk A@ was ca. 420 K¢
observed. The overall Hconsumption per unit mass of The normalized HTPR profiles for aluminosilicates im-
copper, determined by integrating the normalized TPR pregnated with AgN@and dried are shown in Figure 5A.
profiles in Figure 4A, takes the following values: 6.2 s.u., When the silver loading in the sample is greater than 2 wt
SiAI20CuZ 7.2 s.u., SIAI2CuS 6.1 s.u., SIAI2CulQ 3.7 %, the TPR curve is comprised of two unresolved peaks at
s.u., SiAI26Cu2Q The smaller consumption value obtained ca. 380 and 410 K. The resulting composite peak results from
for SIAI20Cu20 suggests that only a part of the surface reduction of Ag(l) species which differ in the degree of
copper species is reduced in the TPR experiment. dispersion over the support. For example, the hydrogen
The normalized B TPR profiles acquired from the surface  consumption peak situated at lower temperature may cor-
of Cu-derivatized adsorbents prepared by direct synthesis arerespond to reduction of Ag(l) to Ag(0) in dispersed Ag(l)
shown in Figure 4B. FOCu2SiAl20 a broad reduction peak species, whereas the second reduction contribution is prob-
of low intensity is observed between 450 and 620 K with a ably due to the presence of bigger Aghfarticles on the
maximum at ca. 560 K. The overalbldonsumption is about  surface of these samples. For SiARf2 two distinct
one-tenth of that monitored for the impregnated homologue reduction peaks at 410 and 520 K can be seen. The
appearance of the second contribution indicates that some

(31) Gentry, S. J.; Hurst, N. W.; Jones, A.Chem. Soc., Faraday Trans. ~ Ag(l) ions interact with the support and thus are more
11981, 77, 603.

(32) Robertson, S. D.; McNicol, B. D.; De Baas, J. H.; Kloet, S. C.; Jenkins,
J. W.J. Catal. 1975 37, 424. (35) Uytterhoeven, J. BActa Phys. Cheml978 24, 53.

(33) Kieger, S.; Delahay, G.; Coq, B.; Neveu,BCatal.1999 183 267. (36) Dai, W.-L.; Cao, Y.; Ren, L.-P.; Yang, X.-L.; Xu, J.-H.; Li, H.-X,;

(34) Delahay, G.; Coq, B.; Broussous, Appl. Catal. B1997, 12, 49. He, H.-Y.; Fan, K.-N.J. Catal.2004 229 80.
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Figure 5. Hx-TPR profiles for the shaped aluminosilicates derivatized with silver by (A) impregnation and drying and (B) direct incorporation in the
synthesis stage. Thezidonsumption scales are the same.

Table 7. Best-Fit Values of Freundlich Equation Constants and Ideal

- 6 .
difficult to be reduced? The overall H consumption per Selectivity at Selected Molar Fractions of Propene in the

unit mass of silver is as follows: 2.6 s.u., SIARG2 3.4 Propane(1)/Propene(2) Gas Mixture for the Shaped Aluminosilicates
s.u., SIAI2Ag5 4.2 s.u., SiAI28g1Q 3.0 s.u., SiAl2@g2Q Derivatized with Copper and Silver by Impregnation and Drying
Ag-derivatized aluminosilicates prepared by direct syn- Freundlich constants  equilibrium selectivity at a given
thesis provide HTPR profiles composed of peaks of low propane(1) propene(2)
intensity (Figure 5B). Here the overall hydrogen consumption  sampe k n k n 0.05 05 0.7
is in excellent Im_ear correlgtlon with th_e totgl silver content; 5iao0cu2 0.010 073 0145 038  13.1 18 12
the H, consumption per unit mass of silver is ca. 0.5 s.u. for SiAI20Cu5 0.007 0.77 0.104 0.42  12.1 1.9 1.4
the four samples, clearly indicating that the majority of Ag- SiAl20Cu10 0.005 0.77 0.052 0.48 9.6 18 13
is located within th lid f K G v th SiAI20Cu20 0.007 0.67 0.159 0.24  21.3 1.8 1.2
(I) is located within the solid framework. Generally, the  sjap0ag2 0.016 0.68 0235 0.32 163 18 12
temperature of reduction maximum decreases with increasingSiAl20Ag5 0.015 0.68 0.346 0.26  21.7 2.0 1.3
ilver loadin Ir rved forA8IO,—Al - SiAI20Ag10 0.013 0.67 0.170 0.37  16.9 2.2 1.4
silver loading, as already observed for AGi0,—Al,0s so SiAI20Ag20 0.016 0.68 0.403 0.25  22.7 2.0 1.3

gel composited® The Ty, values are much higher than that
of Ag-0, suggesting that Ag(l) ions available on the surface Table 8. Best-Fit Values of Freundlich Equation Constants and Ideal
interact strongly with the support. The broad reduction peaks | Selectivity at Selected Molar Fractions of Propene in the

. . . Propane(1)/Propene(2) Gas Mixture for the Shaped Aluminosilicates
in Figure 5B have complex shapes, meaning that surface perivatized with Copper and Silver by Direct Incorporation in the

silver species are very heterogeneous. Synthesis Stage

Propene and Propane Adsorptionlndividual adsorption Freundlich constants equilibrium selectivity at a givén
of propane and propene onto cylindrically shaped adsorbents propane(1) propene(2)
was studied under static. conditions at. 298 K (thg experi- sample k n  k n 0.05 0.5 0.7
mental curves are shown in the Supportmg Information). The CuzSIAIZ0 0.009 0.76 0.023 0.74 55 53 18
adsorption isotherms’ = I'(p), whereT" is the amount CUSSIAI20  0.010 0.73 0.026 0.68 5.6 1.8 1.4
adsorbed at equilibrium pressysewere of the Freundlich ~ CulGBiAl20 0.013 0.72 0.164 0.38  12.3 1.6 11
type fpr both gase?.The Freundliph isotherm equatiqn was X;zﬁais/:g(z)o 8:81411 8% 8:%28 8:;"5‘ ié:g i:; ig
thus fitted to the experimental points, and the best-fit values agssial20  0.015 0.56 0.198 0.35  36.6 41 25
of Freundlich constants, i.e., the preexponential faktmd AglGBiAI20 0.021 0.64 0.247 0.31 157 16 11

the exponenn, are collected in Tables 7 and 8. Ag2(BiAI20 0.015 061 0.242 0.25  23.0 20 1.2

The exponent constant, in the Freundlich equation means that the derivatized adsorbents are selective for
smaller than unity is commonly considered to reflect the propene against propane. The equilibrium selectivity ratios
energetic heterogeneity of active sites at the solid surface.$;, as calculated from the individual adsorption isotherms
The values oh reported in Tables 7 and 8 are much smaller using eq 1, are reported in Tables 7 and 8 for three selected
than 1, especially for propene used as the adsorbate. Sinc&; fractions of 0.05, 0.5, and 0.7. The differences among
the GHe adsorption curves are additionally quasi-vertical the samples are marked only at low molar fractions of
in the range of low equilibrium pressures, interactions of propene in the gas mixture. No regular trends in the
this gas with the surface active sites of the adsorbent shouldselectivity ratio atX, = 0.05 are observed with increasing
be particularly heterogeneous with a marked chemisorption metal loading. The nature and dispersion of metal species
component. In the case of propane the adsorption phenom-{present on the adsorbent surface should be analyzed in this
enon seems to have a van der Waals character. For allcontext. Ag-functionalized adsorbents are characterized by
samples studied the number of alkene molecules adsorbedjreaterS;; values compared to the Cu-containing samples.
at a given pressure is much greater than that of alkane, whichThe Cu-impregnated adsorbents exhibit somewhat higher
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adsorption affinity for propene against propane than their metal species into porous matrixé€<° Nevertheless, when
homologues prepared by direct synthesis. In the case ofthe active sites are located inside the walls they are inaccess-
samples derivatized with silver, no such differences can beible to guest molecules. Surface copper or silver species differ
really seenAg5SiAI20 appears to be the most efficient for  from those present in the impregnated adsorbents. For the
selective adsorption of propene from gas mixtures containing Cu-derivatized samples with low and moderate metal load-

small amounts of this component. ings, most of the surface copper is in the Cu(l) oxidation
] ) state, usually considered as more appropriate-foomplexa-
Discussion tion of propene Cu(l) is probably obtained by reduction

Addition of copper or silver to the fine-pore cylindrical of Cu(ll) during surfactant removal. When the overall copper
bodies is necessary for propefngropane adsorption to be content exceeds 2%, Cu(ll) ions residing in the exchangeable
selective under equilibrium conditions. The transition-metal Sites at the adsorbent surface constitute the second type of
insertion strategy via ion exchange from aqueous solution COPper specieCu2BiAI20 contains mostly surface Cu(ll)
applied previousl¥? to disperse metal species over cylindri- in the form of either exchangeable cations or CuO. The Ag-
cally shaped aluminosilicates leads to intrinsic difficulty in functionalized adsorbents most probably compriseGAtn
achieving the desired exchange ratio and induces uncon-a variety of surface environments. Comparison of metal-to-
trolled changes in the pore structure or even blockage of silicon atomic ratios reported in Tables 4 and 6 with those
smaller pores by clustered Cu- or Ag-containing species. obtained for the impregnated counterparts (Tables 3 and 5)
Better control of the metal loading is usually obtained using allows estimating the percentage of metal exposed on the
impregnation techniques. It should be, however, noted thatsurface of the adsorbents derivatized during the synthesis:
the partially hydrophobic character of the surface of meso- 37%,CuZSiAl20; 43%,CuSSiAl20; 30%,CulGBiAl20; 37%,
porous aluminosilicates prepared by a surfactant-assistedCU2@BIAI20; 52%, Ag2SIAI20; 21%, AgSSIAI20; 27%,
synthesis and calcinati®hdoes not ensure proper wetting AglGBiAI20; 37%,Ag205iAI20. In most cases only one-third

of the surface by aqueous solution and may diminish the of the metal added to the reaction mixture is available on
dispersion degree of metal species. the surface of the derivatized adsorbents. The TPR results

The Cu(ll) state associated with nitrate species is a majorndicate better dispersion of surface species, and pore
blockage is less pronounced than in the case of ion-

component of the Cu-impregnated adsorbents studied here, :
whereas the contribution from the minor CuO component &xchanged or impregnated adsorbents.

decreases with increasing metal loading and never exceeds The ‘ideal’ selectivityS;; calculated from eq 1 depends
20%. AgNQ is likely present in the Ag-derivatized samples. on two parameters: the molar fraction of propefseand

The Cu:Si or Ag:Si atomic surface ratio, as determined by the pressur@. The profiles ofS;; as a function ofX; andp
XPS, is a perfect linear function of the overall transition- for the most selective samples within the four adsorbent
metal loading only for the first three members within each series studied here are shown in Figure 6. These profiles
of the two derivatized series. For SiAlRD20 a marked have been generated from the Freundlich equation for the
decrease in the Si atomic content is accompanied by anadsorption isotherm taking the best-fit valueskoind n
increase in the quantity of oxygen and copper atoms presentparameters collected in Tables 7 and 8. The main conclusion
in the near surface region (see Table 3). This means that thes that the selectivity ratio increases rapidly with decreasing
impregnating material Cu(N¢» forms on the surface X fraction and slowly with decreasing pressure. The pressure
extended zones of supermonolayer coverage, thereby maskdependence d&;, even though not very marked, is of great
ing the underlying silica matrix and diminishing the pore importance in view of PSA-VSA applications of the func-
volume. Only the ‘upper layer’ of copper species is available tionalized adsorbents. The decrease in the selectivity with
to H; reduction under the TPR conditions, which explains increasing propene content in the gas mixture should be a
why the overall H consumption is much smaller compared great disadvantage, but this requires comment. It should be
to the three other samples of the series. When the overallnoted that eq 1 is based on the assumption of ideal behavior
metal loading is 10 or 20 t#6 a significant decrease in the of both gas components in the bulk and adsorbed phase.
dispersion degree of the deposited phases, even leading t&hen the adsorption experiment is carried out under equi-
pore blockage, can be inferred from the conjunction of BET librium conditions, this assumption implies the competitivity
and TPR studies. Aggregation of copper or silver species and additivity of solid-gas adsorption on active surface sites,
on the surface of SiAI20u20 and SiAI20Ag20 does not which probably holds only for smaX; fractions. The values
make them less selective in propetrgropane adsorption.  of the ideal selectivity coefficient tend to unity with
On the contrary, these two samples exhibit the best selectivityincreasing mole fraction of propene in the bulk mixture,
within their homologous series, at least for small propene thereby giving the incorrect impression that the adsorption
contents in the binary mixture with propane (see Table 7). phenomenon becomes unselective. Propane can be only

While postsynthesis insertion techniques can yield het- physisorbed at the soliejas interface at any composition
erogeneous systems especially for large metal loadings, direcef the bulk phase. Thus, if the bulk propene activity is
incorporation in the synthesis stage has been reported tosufficiently high, the adsorbed layer should be mostly
represent a simpler and more reproducible way to dispersecomposed of chemisorbed and physisorbed alkene molecules.

This would prevent further interaction between the propane
(37) Meziani, M. J.; Zajac, J.; Douillard, J.-M.; Jones, D. J.; Partyka, S.; and the adsorbent. In a PSA-VSA process any physisorbed
Rozige, J.J. Colloid Interface Sci2001, 233, 219. portion of the adsorbate may be easily removed from the




6126 Chem. Mater., Vol. 17, No. 24, 2005 Kargol et al.

A) - 40 B)

N
\\\\\?&\‘ L 10

SR

RIS
\\ \\\\ OSSO
CRNROOTSSeSSe

WV SISO S
TSSO
SSOSSOSSS

750 p

0 D)

X 0% 75 p (torr)

Figure 6. Ideal selectivity ratics; as a function of the pressung, and the molar fractionX,, of propene in the propane(1)/propene(2) gas mixture for the
most selective samples within the four adsorbent series studied in the present paper: (AC8282B) SiAl20Ag2Q (C) CulGSiAl20, and (D)Ag5SIAI20.

adsorbent, thereby leaving only pure propene in contact with per and comprising both the exchangeable Cu(ll) ions coor-
the surface. Therefore, the actual selectivity ratio at high dinated to the surface oxygen and the surface CuO. The effect
propene fractionX; should obviously be much higher than of the counterion, i.e., © for the adsorbents prepared by
that calculated from eq 1. direct synthesis and N in the impregnated samples, is

In view of the equilibrium selectivity data at loi frac- thus another factor to be considered (the importance of this
tions collected in Tables 7 and 8 or illustrated in Figure 6, effect was underlined in ref 7). High dispersion of surface
Cu(ll) surface species appear at least as efficient for the selec-copper species appears to be less relevant to selective separa-
tive adsorption of alkenes as the Cu(l) state. The most selec-tion of propane-propene mixtures, although perhaps this par-
tive among the Cu-impregnated adsorbents, SiSIi220 ameter has not been sufficiently optimized in the present work.
containing only Cu(ll) species on the surface, has better For the adsorbents derivatized with silver the differences
selectivity performance than any of the samples derivatized in the equilibrium selectivity between the two categories of
with copper during the synthesis and any of the ion-exchang- adsorbent are less pronounced. The nature and dispersion
ed adsorbents described previouSlyts selectivity coeffi- degree of silver species seem to be crucial parameters. Des-
cient of 21 is even higher than that of the sample ion ex- pite lower metal content at the surface, the samples deriva-
changed with Cu(ll) and subsequently reduced to Cu(l) prior tized in the synthesis stage show selectivities comparable to
to hydrocarbon adsorption measurements (it had a prepene those of their impregnated counterparts. The best propene
propane selectivity ratio of 19). Since the overall copper propane selectivity is achieved fagxg5SiAl20, which is
content in the latter sample is only one-third of that in thoughtto contain little AgD highly dispersed on the surface
SiAI20Cu2Q the selectivity ratio clearly depends not only and strongly interacting with the substrate (see TPR section).
on the metal oxidation state but also on the overall copper The amount of surface sites apparently has a secondary
quantity exposed on the surface. Impregnated samples coninfluence on the adsorbent performance in selective hydro-
tain more copper species in the near surface region, and thusgarbon adsorption. This trend is particularly pronounced in
they are more selective than the adsorbents derivatized withthe case of Ag-impregnated materials. Here the distribution
the same amounts of metal during the synthesis. For the samef surface AgNQ is postulated to have a heterogeneous,
copper oxidation state SIAIZDu20is more selective than  patchwise-like character, which prevents numerous propene
Cu2(@BiAI20, characterized by a lower density of surface cop- molecules from chemical bonding with surface Ag(l) sites.
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Selection of promising adsorbents for practical uses can of the prepared adsorbents gives them a significant advantage
be made on the basis of comparison among the impregnatedver fine-particle porous materials previously described in
and directly functionalized samples studied in the present the literature. As an example, the pore structure may collapse
paper and the ion-exchanged ones described previdusly. during pressing or extruding the pristine powdered material
The highest selectivity coefficient of 52 was obtained for in the industrial formulation of adsorbents. Therefore, the
an ion-exchanged SiAl20 sample loaded with 20% of silver. surface properties and observed trends reported for powders
Nevertheless, poor repeatability of the ion-exchange proce-cannot necessarily be generalized to the adsorbents in their
dure involving uncontrolled changes in the adsorbent porosity final form suitable for industrial use. The selectivity and
makes such adsorbents less attractive for industrial imple-adsorption capacity parameters included in the present paper
mentations of selective propenpropane adsorption. In the  hold for the cylindrically shaped macroscopic-in-size bodies
case of impregnated samples metal addition may be con-functionalized with Cu(ll), Cu(l), or Ag(l), which can be
trolled to a greater extent but appropriate selectivity coef- considered as adsorbent formulations attractive for industrial
ficients (attaining a value of 23 at the most) require high adsorbers exhibiting a low-pressure drop.
metal loadings. Insertion of large amounts of precious metal
compounds increases the cost of adsorbent preparation.
Furthermore, the decreased specific surface area of an ion- Cylindrically shaped mesoporous aluminosilicates moulded
exchanged or impregnated sample with a high metal contentvia the direct liquid-crystal templating procedure and func-
results in a significant decrease in the propene adsorptiontionalized with copper and silver by incipient wetness
capacity, thereby diminishing the amount of propene to be impregnation and direct incorporation in the synthesis stage
selectively removed from a gas mixture during one adsorp- have proved selective for adsorption of propene against
tion cycle. In this contextAg5SiAl20 with a specific surface ~ propane under conditions favorable for the attainment of
area of about 900 Ay~ and a propenepropane selectivity ~ adsorption equilibrium. Compared to the ion-exchange
ratio of 37 deserves to be considered as the best adsorbenfrocedure studied previoustyboth metal addition methods
Direct incorporation of low percentages of silver is an described in the present work allow better control of the
attractive solution since it allows a significant cost reduction metal loading and pore structure. For the adsorbents deriva-
and good control of the adsorbent porosity. tized with Cu(NQ). in aqueous medium the equilibrium

Comparison of the evaluated selectivity and adsorption selectivity is a complex function of the overall metal content

capacity parameters with the literature data is difficult since

in the sample as well as the oxidation state, nature, and
the hydrocarbon adsorption isotherms are often measureadISperSIOn degree of the copper species available on the
under different conditions for various alkanalkene sys-

surface. Unexpectedly, both Cu(l) and Cu(ll) states appear
tems?~%2 Furthermore, the quantities used to evaluate pro- c?pz(ajble Ef |r1[duf0|ngt900(lj_ addsorl_)tﬁn;ple;g)]rmancfe. In the case
pene-propane selectivity are not always compatible. The of adsorbents functionalized wi 9 € performance
performance of the best monolithic adsorbent is here com-

is closely related to the nature and distribution of metal
pared with that of similar materials prepared in the form of species available on the surface, showing little dependence
powders, such as various ordered mesoporous silicas func-

upon the overall Ag(l) content. Highly dispersed /&g
tionalized or not with Ag(l). FOAgSSIAI20 the propene ad- isnp?r?IeS, enlz/kz:ulaibleton th\(,av;ﬁrfa;;:elff ?r(]jsorzlt)entfs fillj\?cr“?]::?“tzed
sorption capacity at 1 atm and 298 K is about 2.2 mmal g a eea? ){0 bZS;dZ at?:te for SseIaec'[{iﬂveotl:ehsa\(/)iorS ase dis :r:éd
and the propenepropane adsorption capacity ratio at the ApF()I) ions. in ion-(i:xchan ed samples. From a ra(?tical
same pressure is equal to 5.5 (see Supporting Information). 9 9 pies. P

S ; 1 viewpoint, Ag5SiAI20 with a specific surface area of about
A similar propene adsorption value of 1.9 mmol*gvas 900 1% o-! and a propenenpropane selectivity ratio of 37
reported by Newalkar et &?.for ordered porous silica of 9 propeneprop y

the SBA-15 type at 1 atm and 303 K, but the best selectivity appears tp be the best monolithic a_dsorbent since direct
. . i . incorporation of low percentages of silver contributes to a
coefficient of this purely siliceous material was only about

8. The functionalized adsorbent prepared by incipient WetnessSIQnmc"jmt cost r_educuoln n f[he adsorbent formulation.
impregnation of MCM-41 silica with AgN@showed a max- Compared to the fine-particle silica-based adsorbents reported

imum propene adsorpion capaciy of about 15 mmal g - &y @ ERERASE R (O A I RO
at 343 K and a propeneropane adsorption capacity ratio P gh prop P pacity

. whereas its monolithic form should be advantageous to
of 4.5 at 1 atn?. Therefore, the selective performance of industrial imolementation of broper®ropane separation
AQ5SIAI20 is still better, especially since increasing tem- P propenprop P '

perature diminishes mainly the physical adsorption contribu- ~ Acknowledgment. Financial support from the European
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at low propene pressures, as evaluated from the adsorbed Supporting Information Available: Individual adsorption
phase concentrations for propene and propane at 343 K ontdsotherms of propene and propane at 298 K on the cylindrically
SBA-15 silica functionalized by incipient wetness impregna- shaped aluminosilicates derivatized with copper or silver; for each
tion with a considerable amount of AgN@Ag:Si weight type of addition method the isotherms are plotted on the same
ratio of 0.54). However, the specific surface area of this adsorption scale. This material is available free of charge via the
adsorbent was only 594%g~?, and it adsorbed much less 'Mtérnet at http://pubs.acs.org.

propene per unit mass thag5SiAl20. The monolithic form CMO051120E

Conclusion



