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Acidity of zeolite Y—Probed by adsorption of 1-naphthylamine and
studied by laser-induced fluorescence spectroscopy
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Proton transfer reactions between zeolite Y surface and 1-naphthylamine (NA) in the ground and excited states have been studied by
laser-induced picosecond spectroscopy. The acidic form of zeolite Y readily protonates NA in the ground state. At low acid strength of
the zeolite the excited state of the protonated NA transfers back the proton to the zeolite surface as indicated by the fluorescence spectra.
At high acid strength of the zeolite the fluorescence comes from the protonated form of NA and from an adduct “X” previously found in
highly concentrated HCI@solutions. The concentrations of the protonated NA and X increase with the reduction in the unit cell size.
The presence of these species is discussed in terms of the next nearest neighbor “NNN” theory of zeolite Y acidity and the role of the
non-framework aluminum. The acidity of the zeolite is estimated, based on the fluorescence lifetimes of X, to vary from 3.7 to 13 M HCIO
depending on the unit cell size. Low loading levels of NA in the zeolite pores are best in studying the proton transfer reaction and for the
estimation of the surface acidity of zeolite Y.

KEY WORDS: acidity; laser; 1-naphthylamine; spectroscopy; zeolite Y

1. Introduction was replaced by silicon. Kerr [8] proposed that deep bed cal-
cination results in the self-steaming of the zeolite and leads
Solid acids, especially zeolites, are widely used as cata-the ultrastable form. It has been established since that con-
lysts in industry [1-9]. The catalytic performance stronglyrolled steaming of the zeolite also gives a stable zeolite. In
depends on the concentration and strength of the acid siteanftlition to the stabilization of the proton form of the zeolite,
the surface of the solids. Both of these factors can be ma@moval of aluminum from the framework leads to an over-
ified on the surface of zeolite catalysts with some degree & increase in the acid strength per site as the proportion of
control in the synthesis stage by varying the Si/Al ratio or ithe isolated sites with zero next nearest neighbor (0-NNN)
a post synthesis treatment such as steaming or chemical dgis is increased [12].
lumination [7,10,11]. The framework Si/Al ratio has a fun-  Zeolite acidity can be evaluated by a number of tech-
damental impact on the stability of zeolite Y and its aCidit)hiques such as the temperature-programmed desorption of
In fluid catalytic cracking ultrastable zeolite Y (USY) is useghases, calorimetric methods, FTIR, or the use of test cat-
with great success because of its high acidity and hydrothgfytic reactions [4]. These techniques give qualitative or
mal stability. Determination of the surface acidity is of imsemi-quantitative evaluation of acidity but can be used to
portance to the understanding of the reactions occurring gihk a closely related set of zeolite catalysts. In the 1970s,
the internal surface of the micropores of the catalysts. It jfammett indicators were used to establish an acidity scale
increasingly understood that at low Si/Al ratio the averaggy zeolites based on thekja values [5]. The limitations of
acid strength increases with dealumination due to the SUpgs method were the use of bulky indicator molecules that
rior strength of the isolated site and in siliceous zeolite thgteracted with the surface of the catalyst and gave unrepre-
acid strength depends only on the crystallographic site of tggntative readings. More recently, interaction of probe mole-
aluminum. Zeolite Y is one of the most studied zeolites beyes with acidic sites were investigated photochemiaédly
cause of its important application in catalysis. Complete iGReir fluorescence properties [13—-28]. Some of these studies
exchange of the sodium cations with ammonium renders thgye ytilized laser-induced fluorescence of adsorbed mole-
zeolite hydrothermally unstable if the concentration of thgyjes to study the nature of the interaction with the substrate
aluminum in its framework is high enough. The term “lyface. We report, in this paper, on the proton transfer re-
trastable faujasite” was coined by McDaniel and Maher [7hction between the zeolite Y surface and 1-naphthylamine
when they described the calcination of the ammonium formA) in the ground and excited state by laser-induced pi-
of the zeolite in a regime that led to the incipient steaming @f,secongd spectroscopy. We also propose an acidity scale for
the zeolite. Such treatment also led to a reduction in the ugjifg particular system. This study makes use of our pub-
cell size as a large proportion of the framework aluminu¥Lpaq work on the fluorescence properties of NA and its

* To whom correspondence should be addressed. E-mail: sabarri@kfugtfiotonated form in highly concentrated aqueous perchloric
edu.sa acid [32]. Transparent films [29-31] of the zeolite in poly-
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dimethylsiloxane (PDMS) are used, as results obtained usitigection. At each period of pressure, the equilibrium was at-

zeolite powder are prone to difficulties due to scattered lighgined before another pulse of the adsorbate was introduced.

in particular in the UV region. The sample weight was recorded on a highly accurate micro-
balance and the pressure of the adsorbate was measured us-
ing a set of pressure transducers, each calibrated to measure

2. Experimental the pressure at a specific range. The conditions (pressure and
_ temperature), operation control, and data processing were
2.1. Materials handled by a manufacturer designed software.

Magic angle spinning NMR (MAS-NMR) of°Si and

Zeolite Y was Linde Zeolite LZ 52Y, which is the sodium27a| spectra of spectral width of 20 000 Hz were recorded at
form of zeolite Y, here denoted as NaY. Samples with vary4 74 T on a Joel INM-LA 500 spectrometer. The frequen-
ing degrees of the proton forms were prepared by ion exes for29Si and2’Al were 99.25 and 130.28 MHz, respec-
changing the parent zeolite NaY with ammonium nitrate sgyely. A 90° pulse width, which is a pulse length of6s,
lution. A sample containing 34% NHand 66% Nd was  with a repetition time of 15 s was used. The number of scans
prepared by stirring NaY in 0.25 M solution of ammoniunyyas 500 and the spin rate of the sample tube was 4.0 kHz.
nitrate for 30 min at room temperature (22). The liquid The number of scans for tH€Al spectra of the USY sample
to zeolite ratio was 4: 1 by weight. The zeolite was filteredvas 1500. Chemical shifts for t4&Si were reported relative
washed and dried at 12Q for 6 h. It was then calcined atto poly(dimethysilane), while aluminum sulfate hydrate was
450°C for 24 h raising the temperature from room tempergsed as a reference for th&Al chemical shifts.
ture at the rate of Imin. This sample was denoted as HY-  1-naphthylamine was supplied by the Fluka company and
34, as 34% of the exchange sites were in the H-form. Sifyas used after recrystallisation from petroleum ether fol-
ilarly the samples HY-60, HY-73, HY-83, and HY-96 werdowed by sublimation. Solvents such asexane (spectral
prepared by successive ion exchange with ammonium nitrgfi@ide) are used after drying over molecular sieves 5A. Poly-

solution followed by drying and calcination as above.  dimethylsiloxane (PDMS) was provided by General Electric
The ultrastable zeolite Y was prepared following theijlicones.

McDaniel and Maher [7] procedure but the calcination steps
were carried out in a tubular reactor in the presence of flow-2, Preparations of solid-organic probe complex
ing steam and air. The air flow rate measured at room tem-
perature, for a 5 g quantity of zeolite, was 80 ml/min whereas Aliquots of zeolite Y were calcined at 50C overnight
the water was fed at 20 ml of liquid per hour. and cooled in a desiccator under vacuum. The dried solid
X-ray powder diffraction measurements were carried outas transferred into a solution of the 1-naphthylamine-in
using a Siemens D5005 instrument. Each sample was gemitkane and stirred for about 6 h and kept overnight to reach
ground in an agar pestle and mortar. The fine powder waguilibrium. The complex was then collected by filtration
packed into a sample holder having a diameter86 mm and washed three times with the solvent to remove the ex-
and depth of~3 mm. The surface of the packed sample wagrnally adsorbed NA molecules and then dried on a vac-
smoothened with a piece of flat glass. The diffraction pattum line at 10%-10~* Torr. The percent loading of the
tern was recorded from (4o 50° 2-Theta. A step scan fluorophore on the molecular sieves is calculated by com-
of 0.010 2-Theta was used, counting at every step for 3 paring the UV spectra of the original solution to that of the
The divergence and anti-scattering slits were varied by séittrate. The NA/A-hexane concentrations used for various
ting these at v20. This setting kept the irradiated sample ateadings were: B3x 1072, 9.75x 1073, 1.10x 10~3, and
constant at approximately 20 msm 12 mm. The voltage 1.30 x 104 M.
and current of the generator were set at 40 kV and 30 mA, The PDMS membrane of the zeolite loaded with NA was
respectively. prepared as follows: 30-70 mg of the dried zeolite loaded
Adsorption measurements were carried out on a Hivith the NA molecules was transferred into a vial containing
den Analytical IGA system (gravimerical measurement). g of n-hexane. The mixture was sonicated for a period
Aliguots of the sample being measured1(00 mg) were of 1 h to break the zeolite aggregates. fHeg of RTV
loaded and evacuated ed. 10~/ mbar. The temperature 615 A was added and the mixture was sonicated again for a
was then raised to 40C at the rate of 8C/min for the fur- period of 6 h. Finally, 100 mg of RTV 615 B was added and
nace temperature. However, because of the high vacuuhe mixture was further sonicated for 20 min. The mixture
the sample temperature only rose to 3@0 After 3 h at the was cast onto a glass plate and heated in an oven 4t 60
final temperature and high vacuum, the sample was coole¢ernight. The membrane was removed from the glass plate
to ambient and then to P& using a circulating chilled lig- and further dried at 68C for a few hours.
uid system. When the conditions equilibrated, small pulses UV-Vis absorption measurements of the solutions used
of benzene vapor were introduced periodicallya gas ad- were recorded using a-5 (Perkin—Elmer) spectropho-
mittance valve which was electronically controlled to obtaitometer. Fluorescence emission and fluorescence decay
adsorption steps of approximately 2 wt%. This gave rise tone measurements for the solutions and membranes were
an isotherm comprising about 50 equilibrium points in eaatecorded using a fluorescence spectrometer and a picosecond
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laser system described elsewhere [32]. PDMS membraeeis normally taken as an indication of the level of frame-
samples with 1 cmx 4 cm dimensions were placed ontavork aluminum. MAS NMR of?’Al has shown that all the
quartz plates cut from a cuvette. The quartz plate was placgainples with the exception of the parent NaY have non-
into the sample holder with an angle to minimize scatteframework octahedrally coordinated aluminum. The pro-
ing further. Successive measurements with time showed portion of octahedral aluminum relative to the framework
change in the spectra. Furthermore, repeated sample pregdaminum increases with increasing percentage of H-form.
rations, as described above, of the same zeolite sample d&lmst of the non-framework aluminum exists as aluminum
showed no change in the spectra. This has shown us thatdix@le and/or oxide hydrates. THéAI MAS NMR of the
precautions taken to exclude water of hydration were sudSY sample consisted of a broad featureless peak covering
cessful. the region—50-150 ppm relative to aluminum sulfate. This
indicates that in USY, the non-framework aluminum is sub-
stantially polymeric and should be chemically inactive most
probably due to the high temperature of steaming used in its

3.1. Properties of zeolite Y samples preparation (815C).

3. Resultsand discussion

The properties of the zeolite Y samples used in this study,. Fluorescence and excitation spectra
are given in table 1. The crystallinity of the sample HY-96
was low due to the uncontrolled removal of a large portion The excitation spectra of NAem = 390 nm, adsorbed
of the framework aluminum at the calcination stage. In theén the surfaces of NaY catalyst, figure 3(a), shows that NA
case of the USY sample the removal of the framework alis present in the neutral formaps, max = 330 nm. However,
minum was carried out in steam which is thought to repadicitation spectra of NA adsorbed on the surfaces of proto-
vacant sites by replacing the leaving aluminum with silicaated zeolite Y (HY-96) recorded &ém 340 nm, figure 3(a),
The crystallinity of the samples was calculated by measuriggiows that NA is present in the protonated forms =
the benzene adsorption isotherm and calculating the capagi§o nm. This means that a proton is transferred from the ze-
at full loading. Although we have found the X-ray methoglite framework to the amino group of the NA in the ground
to give a reasonable account of crystallinity, the diffractiogtate. The maximum is found at around 290 nm which corre-
line intensities are normally a function of other factors thagphonds to the absorption of a mixture of the protonated form
crystallinity. For this reason the benzene adsorption capaqu;)r and X of NA, where X is the newly found species
ity is used to measure the crystallinity, as it is a quantitativeescribed previously [32] and discussed below.
measure of the micropore volume, which in turn is a direct The fluorescence spectrum of NA adsorbed at the surface
function of the zeolites structure. of zeolite NaY, figure 3(b), shows that NA is present in the
The unit cell parametero decreases with the degree oheutral form (RNH). On the other hand, the fluorescence
exchange because increasing amounts of aluminum weredgrission spectrum of NA adsorbed on the surface of HY-96,
moved from the framework as confirmed B38i and?’Al  figure 3(b), shows that NA is present in both forms (the
MAS NMR (shown in figure 1). The relationship betweemeutral RNH and the protonated form R'\?j')- Further-
the unit cell parameter and the framework aluminum igore, the absorption spectra of NA adsorbed on the surface
found to be linear, figure 2, as proposed before [33]. Frogt USY, figure 4(a), shows absorption corresponding to two
this relationship the framework aluminum in the USY Samspecies. The one recordedialn = 325 nm corresponds
ple was estimated as direct measuremerffByMAS NMR g that of the protonated form while the one recorded at
was not possible due to low sensitivity at this low concentra—em = 400 nm corresponds to another species. Fluorescence
tion. Itis estimated that the USY zeolite has 10 frameworkpectra of NA adsorbed on USY catalystx = 276 nm,
aluminum sites per unitcell. The relationship may not be aj‘gure 4(b) show 0n|y emission from the protonated form.
linear as Breck and Flanigen originally proposed [33], buthanging the excitation wavelength leads to a red shift in
the correlation can be used semi-quantitatively. For USihe emission wavelength and to a decrease in the fluores-
zeolites used in fluid catalytic cracking the unit cell parameence intensity. Afex = 320 nm the emission band is
Table 1 centered at 370—-380 nm. This emission band corresponds to
Sample UGy Numberof Si/AR  Pore capacity = Benzene the species 'Xabsorblng at 290 nm. . L
A) Al (UC)2 (Wt%) relative In a previous paper [32] we have studied the kinetics of
NA in highly acidic medium using perchloric acid. It was

3324 giggg 24; gg gii cl):gg found that at high ac_id congentration, wh_er_e there are no
HY-60  24.600 48 29 21.7 094 free water molecules in solution, a new emitting species, we
HY-73 24597 4% 30 21.2 091 calleditX, is formed. We reasoned that its formation is due
HY-83  24.590 4% 30 20.8 0.90  to the lack of water molecules such that an adduct between
HY-96  24.410 2% 54 111 048 the protonated NA (RNE) and the unhydrated perchlorate
US¥se 24213 18 18 216 -9 " anion is formed leading to a complex X. This species was
aCalculated from NMR spectra. proposed on the evidence of the absorption and fluorescence

b Estimated from figure 2. spectra. It appeared to have a structure in between the base
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Figure 1.29Si (a) and?’Al (b) MAS-NMR spectra of zeolite Y samples.

RNH, and its acidic form RNH. The proposal is consistentbe explained on the basis of the non-framework aluminum
with the lack of free water for the hydration of the perchlospecies as follows.
rate anions and their lack of mobility. In the case of low framework Si/Al ratio (samples HY-34
The species X is the same one detected on the sto-HY-96), the presence of 1-NNN and 2-NNN aluminum, as
face of zeolite Y. In the pores of the zeolite, there is nshown by?9Si MAS NMR, figure 1, lowers the average acid
water of hydration and the mobility is restricted. Therestrength of the surface. This results in a proton transfer re-
fore a similar adduct formation with the anionic frameworkaction from the excited state of the protonated NA (Fg‘]\’lH
“RNHgr ---Z7"is proposed. Both the absorption and fluopK; = —1) back to the zeolite surface. The fluorescence
rescence spectra of the zeolite Y series of samples show thagctra of the NA in the zeolite samples show either the neu-
the proportion of X increases with increasing aciditg, tral form or a mixture with the protonated form. The low
from HY-30to USY. This trend is confirmed by our measurezoncentration of species X in these samples, relative to the
ment of the fluorescence lifetime discussed below and clIBY, can be attributed to the presence of active octahedrally
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coordinated aluminum oxide and oxide hydrate, as indicated
by the2’Al MAS NMR, figure 1. These species can act as
Lewis acids and stabilize the conjugate base of the Brgnsted
acid. Thusthe protonated NA has a weak interaction with the
framework anion and its fluorescence spectra are character-
istic of the protonated NA. In the case of the USY, however,
the non-framework aluminum species are shown?bi

MAS NMR to be asymmetric and polymeric, most proba-
bly due to the high temperature of steaming (8CPhused in

the preparation of the sample. These aluminum species are
chemically inert and not expected to stabilize the conjugate
base. Although the acid site is of a high strength (0-NNN),
the protonated NA must interact with the anionic framework
leading to the formation of the “RNH---Z~" species.
Such interaction is promoted in the dry confines of the pore
structure. Moreover, the amount of non-framework alu-
minum increases from the sample HY-34 to the USY further

Figure 2. Unit cell parameters. the number of framework aluminum per reducing the mobility of the species in the zeolite channels.
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Figure 3. Excitation (a) and emission spectra (b) of NA adsorbed on NaY surfaces (—) and HY-96 surfaces (
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Figure 4. Excitation (a) and emission (b) of NA adsorbed on USY surfaces.
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*

The excited state of the protonated form of NA is highly o P .

acidic and would only donate the proton back to the frame- RNHs - (RNHy --2) ks RNHz + HZ

work if the acid site is relatively less strong such as the case absT ke kdl kel kg

of the 2-NNN or even 1-NNN sites. In such a case the ki

neutral form of NA is observed in the fluorescence spectra. RNH;" +(RNH;3™--Z) ‘k—z RNH; + HZ

The protonated form of NA is observed when large propor-

tions of 0O-NNN are present and only when there is active

octahedrally coordinated aluminum oxide and oxide hydrate Where Z = TO

present in c]ose proximity of the acid site. Otherwise X I§cheme 1. Proton transfer reactions of RNfaphthylamine) with the

formed as discussed above. Bransted acid sites of the zeolite surface in the ground and the first singlet
So at this point we can assign the absorption bands in excited state.

figure 4(a) to both the protonatedss = 276 nm) and )

to the adduct X {ans = 290 nm) forms of NA, respec- lIfetime measurements are more consistent and reflect the
tively. Therefore, the emission spectra show predomindif@! Surface interactions with the probe molecule.

emission from the protonated form of NA as we excite at " the zeolite framework, Si-and Al atoms are tetrahe-
Zabs = 276 nm, and upon increasing the excitation wavdlrally bonded through oxygen linkage to form the cages

length we excite more of the X form and so the emissigynd channels. This gives rise to the formation of both» TO
maxima is shifted, figure 4(b). “a weak Lewis base site” if the tetrahedral atoms (T) and

In order to form an opinion about the chemical natur€ir néighbors are all Si and HEGa Bransted acid site” if
tetrahedral atoms (T) or one of its neighbors is Al. Ad-

of the active centers at the catalyst surfaces we compal . RN B d acid site lead he f
the absorption and fluorescence spectra of NA on zeoliteSP"Ption Of RN on a Bransted aci +S'te eadsto the forma-
jon of either the RNI%I‘ or X=RNH; ---TO,, depending

of different percent protonation and at the USY catalyst. A the st th of ih d sit
low percent protonatiore(g., HY-34), the absorption spectraUp(?I_?1 € stren? Of € amtl Stte. h f Riatisorbed
show the absorption of both the protonated and the neutrz%lth € pr?ton rafms er reaction sct 3me Oh lsor €
form. However, by increasing the percent protonation, e Fle greeoslc:rfcuer :ggz Isarr?zglr?srr]eiorlgesg erEe3?;0 am
spectrum is blue shifted and becomes quite similar to that cﬂ‘ u y analysi . .eat - -
naphthalene which corresponds to the formation of I‘gNHS ows that the decay is bi-exponential with the short living
" i .. —* ivi
This is obvious in the case of HY-96 catalyst and the US mponent.assugned o R@H Z~" and along living one
catalysts corresponding to RNF, table 3. The decay of the short

The fluorescence spectra at the partially protonated fonj’r%ng component s clearly seen to b_e more l |k_er fo?me" at
of the zeolite, figure 3, show that the emission is mainl igh percent protonated zeolitee., highly acidic environ-

coming from the neutral formigm(RNHS) is ~390 nm) ent. The change in the decay profile upon protonation of

with a little emission coming from the protonated fom%he zeolite Y '? shown |n"f|gure S *The fluoresc_ence decay
o . Tate constantX = kf + kq” for RNH} in the zeolite cages

(Aem(RNH3™) is ~340 nm). The protonated form emission found ; Ax 10P 1127 1P s1d q

increases in intensity with increasing percent of protonatié% ound to vary from 154 x to L17x S~ depend-

and at low loading level. The presence of only absorptidH9 YPO" the protonation level of the7catfilyst, which is fairly
of RNH} and fluorescence emission of both RiHand fast compared to the value of%x 10° s for free RNH

RNH; indicate that there is a proton transfer reaction in tdg solution. This means that the zeolite framework destabi-

excited state. Furthermore, the fluorescence bands are briad the excited state of neutral 1-naphthylamine in compar-

and structureless. The broad bands indicate complicafgan to aqueous solutions. The deactivation mechanism for

complex formation between the NA and the zeolite fram e_xc!te'd 1-naphthy_lam|ne may be accounted fpr by the high
. . . ..Dasicity of the excited state of RgHhat makes it more sus-
work sites, these complexes are adsorbed at sites with differ-

. o ceptible to be attacked by the various Lewis and Brgnsted
ent strength and what we see is the averageis a superpo-

sition of isolated complexes of various strengths. HowevearCld sites from the zeolite framewoil., RNH; is strongly

in the USY catalyst, both absorption and emission are con%@emhed by the surroundlng environméngndkg cannot .
.be separated as quantum yield measurements are not feasible

ing from the protonated NA and the X form, as shown in .
as mentioned before.

flgure 4, T_h|s means that there is no proton_transfer re_""Ct'OnFormation of both RN@ and X at the surfaces of zeo-
n the_ excited state occurring on the surf_aoees, the acid lite Y can be accounted for by the fact that the zeolite sur-
sites in USY are more acidic than the excited R-NH faces contain sites with different acidic strength. According
to our2Si and?’Al NMR results, we have 2-NNN, 1-NNN
3.3. Fluorescence quantumyield and lifetime analysis and O0-NNN acid sites with the Bragnsted acid strength in-
creasing in this order. In all cases adsorption of NA at the
Quantum yields cannot be calculated directly from theurfaces of the catalyst leads to protonation in the ground
emission spectra since the intensities of these spectra stage. However, upon excitation ngﬂ’ﬁl becomes a very
highly affected by the geometry of the sample and the scatrong acid (K5 = —1) and tends to dissociate and pro-
tered light from the surface of the polymer films. Howevetpnate the surface site. In this case, if the surface site is a
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Table 2
Absorption and fluorescencmax (nm) and fluorescence lifetim&sf X* and RNI—Q* in different proto-
nated forms of zeolite Y and the estimated acidities

Catalyst Loading Absorption Fluorescence 11 Aq [2) Ao [H+]©
leveP Amax (nm) Amax (hm) (ns) (ns)
HY-34 0.05 290 330, 390 146 .®/5 758 0.514 %9
HY-60 0.05 280 340, 390 1.62 %81 866 0.501 570
HY-73 0.04 275 330, 410 1.78 .389 824 0.208 781
HY-83 0.05 280 330, 400 191 .37 821 0.261 N7
HY-96 0.04 280 330, 390 224 B 976 0.313 137
USY-5¢ 0.04 276, 290 330, 370 2.50 .607 188 0.612 170

a}uexc = 300 nm,Aem = 340 nm.
b Loading level expressed as molecule/unit cell.
CEstimated using the fitting equation of figure 6.

Table 3
Absorption and fluorescendgnax and decay timconstants for the acidic form of 1-naphthylamine (NA)
in different protonated forms of zeolite Y

Catalyst Loading Absorption Fluorescence 11 Aq ) Ao [H+]©
leveP Amax (nm) Amax (Nm) (ns) (ns)
HY-34 7.6 330 420 1.38 B4 526 0884 266
4.03 290, 330 340. 390 140 .35 618 0783 290
0.45 290 340, 390 141 .84 711 0552 305
HY-60 73 290, 330 420 1.50 .065 583 140 420
3.87 290, 330 420 153 .696 617 105 459
0.44 280 340, 390 156 .22 790 0672 490
HY-73 72 285, 330 340, 410 165 .71 715 0880 620
38 285, 330 340, 390 168 .25 7.86 0668 657
0.43 290 330, 410 176 12 806 0531 754
HY-83 6.9 290, 330 330, 400 1.81 .%08 620 0649 819
38 290 330, 390 1.83 .823 656 0666 845
0.429 285 330, 420 185 1 714 0337 870
HY-96 6.30 290 335, 420 2.01 .834 732 0427 108
3.06 290 330, 410 212 893 894 0369 122
0.306 285 330, 390 217 @47 949 0486 128
usy 6.30 280, 310 340, 400 199 @5 137 113
3.06 276, 290 340, 400 211 850 169 123
0.306 276, 290 340, 370 231 .07 178 0.612

8exc = 300 nmAem = 340 nm.
b Loading level expressed as molecule/unit cell.
CEstimated using the fitting equation of figure 6.

Y34 weaker acid site it would be protonated and we get fluores-
£ HY-60 cence corresponding to the neutral form R)NHf the sur-

g  HYT face site is strongly acidic, it will not accept the proton, and

in such a case both RI\QFI and the X form are formed de-
pending on the state of the non-framework aluminum present
as discussed above. In this case fluorescence due to the two
forms is expected and so the fluorescence decay time is fitted
with a bi-exponential function.

From our study of the excited state reaction of NA in
aqueous acidic solution [32], we found that the lifetime of
RN ng* increases with the acidity of the medium in the pres-
ence of free water molecules till it reaches a maximum and

¢ HY8 pyoee
¢ /7

then decreases in the absence of free water. This decrease is
42 8.4 12.6 16.8 accompanied by the formation of X.
The maximum lifetime for RNE™ in the catalyst (USY)

Time / ns is found to be 18.8 ns indicating that the quantum yield of

Figure 5. Emission decay of NA/HY, different protonation level and unRNH3* is about 2.4 times less than the maximum quantum

cell size. yield (& = 0.327) in aqueous solution of HCIO
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molarity of perchloric acid. ) o
Figure 8. Fluorescence emission spectra of NA adsorbed on USY surfaces

Also from our study of the excited state reactions of N'&tdlfferent loading levels, 0.05 (1), 3.87 (2), and 7.3 molecules/unit cell (3).

in acidic solution, we found that the formation and the Iifei-1 tb ble to find a St Vol lot f t
time of X* is a function of the acidity of the medium, fig- ave not been able fo find a stern—vVoimer piot for proton-

ure 6. The straight-line equation for that relationris= transfer reaction at zeolite Y surfaces in order to compare

0.078H*] + 1.17, with anR? value of 0.91 [32]. From this ©U" findings with it . .
relation, by inserting the value far found in the zeolite, Concentration effects are taken into account by varying

we are able to estimate the relative acidity inside the zefhe loading level of the adsorbed molecule. tis found that

lite cages. The estimated acidity is given in table 2. Thegé hl?htrlloadgng Ietyel t?fhexcnattlolnf spectria clé)rrtehspond to
values reflects the highly acidic environment experienced Iy the absorption otthe neutraiform only. Furthermore,

NA inside the cage. Itis clearly seen that the estimated acf < f:”‘t’}flescef‘c? sp;ectra;hat h'gth Il?admgf tlﬁvel "’?'50 _T_E(.)W
ity increases with reduction in the unit cell size. A plot ofnainly tne emission fromthe neutratform otthe€ amine. This

the estimated aciditys. the corresponding lifetime using can be a(?counted for by qther interactions than protonation
the equation at the active centers. In this case one may assume that due to

the bulkiness of the NA molecules and the small space avail-
Tmax _ 4 " @[Hﬂ able for additional molecules to move in, they could be posi-
ks tioned in the cage in an opposite direction to the Brgnsted
gives a linear Stern—Volmer relation, figure 7. From thacid sites. Therefore, the interaction between the amino
slope of the fitted linekq is calculated to be.2 x 107 s~1, groups of additional molecules and the active sites is sup-
which is much less than the value found fof ¥ solutions Pressed. Furthermore, some of the NA molecules could be
(4.7 x 108 s71). This means that the zeolite framework stalocated outside the pores leading to no possibility for inter-
bilizes and enhances the formation df.Xhe enhancement cting with acidic sites. By lowering the loading levels, the

of X is also due to the absence of free water molecules. \RBeCtrum is blue shifted indicating more interactions with
acidic sites, figure 8. The interactions between acidic sites

inside the cage and the probe molecules at low loading lev-
* els is similar to that experienced by the probe molecule in
1.60 - highly acidic solutions. Estimated acidities for the catalysts
at the various loading levels are given in table 2. However,
1.40 3 in case of low loading we expect the probe molecule to be
surrounded by a variety of Brgnsted acid sites of different
strengths. Figure 9 shows the decay profile of NA adsorbed
at HY-60 at different loading levels. It is obvious that the
short decaying component is dominant at low loading level,
1.60 4 : where more acid sites are accessible for the NA.
The acid strength may also be correlated to the unit cell
0.80 : : ; . , , . size. Figure 10 shows that the average acid strength in-
20 40 60 80 100 120 140 160 18.0 creases with reduction in the unit cell size. This correlation
can only be accounted for by the increase in the percentage
of 0-NNN sites and its superior acid strength. The current
Figure 7. Relative fluorescence decay timux /7 of (RNH*--.Z7) as  study is, therefore, in accord with the NNN theory of acid-
a function of the estimated acidity of the zeolite. ity in zeolite Y and seems to explain the role of the non-

Tmax! T
*

1.20 1

Estimated [H']/ M
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10000 the adduct X (RNIg‘ ---Z7). The species X is found in the

ground and excited states. The relative concentrations of
protonated NA and X increase with reduction in the unit cell
size. The presence of these species and their relative con-
centrations have been discussed in terms of the next nearest
neighbor “NNN” theory of zeolite Y acidity and the role of

the non-framework aluminum.

The lifetimes of X in solutions is used to estimate the
acidity inside the zeolite cages. It is found to be equiva-
lent to 3.7 M HCIQ acid for HY-34, 5.7 M acid for HY-60,

7.8 M acid for HY-73, 9.5 M acid for HY-83, 13.7 M acid for

8000 -

6000 -

4000

2000 -

0.0 ' ‘ ‘ ‘ HY-96 and 17.0 M for the USY catalyst. Low loading lev-
00 >0 100 150 200 30 els of the amine are found to give better results than higher
Time / ns loading levels, where other interactions than protonation at

the amino group are expected.

Figure 9. Emission decay of NA/HY-60 at different loading levels, pump
pulse (1), 7.3 (2), 3.87 (3), 0.44 (4), and 0.05 (5) molecules/unit cell (3).
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