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Postsynthesis modification of ZSM-5 with phosphorus was performed by gas-phase adsorption of
triphenylphosphine. IR spectra of adsorbed pyridine indicated an interaction of phosphorus species
with Brgnsted acid sites. ESCA analysis of noncalcined catalysts suggests a model for this interac-
tion. A quantitative treatment of ESCA intensity ratios for the calcined catalysis before and after
grinding allows one to calculate the size and loading of both extraparticle and intra-pore-lattice
(IPL) phosphorus oxide particles. The IPL loading was found to be very close to the loading of
exchanged phosphorus calculated from the IR of adsorbed pyridine. The product distribution of
MTG conversion was found to be correlated with the extent of Brgnsted acid site poisoning

following exchange with phosphorus species.

INTRODUCTION

Over the past few years (/-7) postsyn-
thesis modifications of ZSM-5 have been
proposed either as methanol-to-olefin
(MTO) catalysts or in attempts to design
paraselective catalysts. Kaeding ez al. (6, 7)
reported that methanol can be converted
selectively to C,—C, olefins over P-modified
ZSM-5 catalysts. They found that catalysts
prepared from trimethylphosphite, calcined
in air, show an increase in the number of
acid sites and a decrease in their acid
strength compared to the unmodified ZSM-
5. This was concluded on the basis of the
results of the ammonia desorption tech-
nique of Kerr and Chester (8) and a model
of permanent attachment of phosphorus
through oxygen to the zeolite framework
was proposed. These results suggested that
incorporation of phosphorus converts the
strong acid sites into weaker ones, possibly
Lewis acid sites. Different views were held
by Haber et al. (9) who found by TPD of
ammonia that the introduction of phos-
phorus using trimethylphosphite and diam-
monium hydrogen phosphate eliminates the
Brénsted acid sites and also significantly
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decreases the content in weaker acid sites.
Later Vedrine et al. (I) found that phos-
phorus neutralizes acidic sites primarily at
the entrance of the channels of the zeolite
particles. It was also reported that the
strongest acidic sites inside the channels re-
mained unmodified by treatment with phos-
phorus. Nunan ef al. (5) concluded from
poisoning experiments with quinoline and
trimethylphosphite that the most important
effect of phosphorus is the poisoning of the
strong acid sites on the exterior of the crys-
tals. Neither interpretation is in agreement
with those of Kaeding et al. (6, 7). There is
no general agreement in the literature either
on the structure of the supported phos-
phorus phase or the characteristics of the
structure which determine paraselectivity.
The preparation of P/ZSM-5 catalysts is de-
scribed in detail in Refs. (/0, 11). Diphe-
nylphosphine chloride, trimethylphosphite,
phosphorus trichloride, and phosphoric
acid are some of the numerous compounds
which were used as the source of phos-
phorus.

To date very little quantitative spectro-
scopic information on the location and na-
ture of phosphorus species on H-ZSM-S5 is
available. The objectives of the present
work are thus to characterize the structure
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of the phosphorus deposited on a ZSM-5
support by the gas-phase adsorption of tri-
phenylphosphine and to relate these obser-
vations to the catalytic properties of the so-
prepared solids, in the MTG reactions. The
methods of characterization encompassed a
quantitative treatment of infrared spectra of
adsorbed pyridine adapted from that origi-
nally proposed by Rhee et al. (23) and anal-
yses of ESCA data including binding en-
ergy shifts at the various stages of the
preparation procedure and intensity ratios
of the calcined catalysts. In this last case, a
very recently proposed method (16) for
the treatment of ESCA intensity data of
calcined samples obtained before and after
grinding was utilized in order to calculate
the respective contents and average crys-
tallite size of the phosphorus located inside
and outside the pore lattice.

EXPERIMENTAL
Catalyst Preparation

ZSM-5 samples were synthesized ac-
cording to a method described as method
B’ by Gabelica et al. (12). Activation of ze-
olite samples is performed by repeated ion
exchange with NHNO; solutions followed
by calcination in air at 500°C. The ZSM-5
sample was characterized by X-ray diffrac-
tion (XRD) on a Phillips spectrometer
equipped with PWO010 generator and
PWI1050 goniometer. Spectra were re-
corded using the CuKa ray excitation.
Scanning electron micrographs (SEM) were
taken using a JEOL Model 2553 micro-
scope (/3). Both results indicate that ZSM-
5 samples are made of highly crystalline,
1- to 5-um spherical agglomerates of micro-
crystals. Elemental analysis for the mea-
surements of Si/Al ratio (Si/Al = 41) have
been done by PIXGE (/4) and confirmed by
atomic absorption.

Triphenylphospine (C¢Hs);P was pur-
chased from Strems Chemicals. It was de-
posited following an original method desig-
nated as the gas-phase adsorption (GPA) of
an organic complex (13). In this technique,
the triphenylphosphine was heated with the
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zeolite in a glass tube preliminary evacu-
ated and sealed. The temperature was then
maintained at 400°C for 16 hr and the sys-
tem was cooled to room temperature and
opened under ambient conditions. Analy-
ses were performed before and after air cal-
cination at 400°C.

A first series of catalysts was prepared
with the highest target phosphorus content
(1.2 wt%) corresponding to the stoichio-
metric amount necessary for complete poi-
soning of all Brgnsted acid sites. The phos-
phorus contents actually measured in the
calcined catalysts were 0.3, 0.4, 0.7, and
0.8 wt% P in ZSM-5. They were designated
as P1/H-ZSM-5, P2/H-ZSM-5, P3/H-
ZSM-5, and P4/H-ZSM-5, respectively.
Another catalyst designed to present a
higher proportion of extraparticle phos-
phorus was prepared by the same tech-
nique, with a total loading of 2.4 wt% P in
the calcined state. This catalyst was desig-
nated P5S/H-ZSM-5. The weight percentage
of phosphorus in the final sample was mea-
sured by atomic absorption. X-ray diffrac-
tion analysis showed no loss of crystallinity
both before and after the calcination. No
new XRD lines were observed in addition
to the pattern of the support.

CATALYST CHARACTERIZATION
IR of Adsorbed Pyridine

Systemic infrared of adsorbed pyridine
was performed on all calcined samples in
order to determine the level of substitution
of protonic acid sites in ZSM-5. Thin self-
supporting wafers of roughly 6 mg of the
sample were prepared by placing the pow-
dered material in a stainless-steel die hav-
ing a diameter of 13 mm and compressing
under a force greater than 15,000 1b for 1
min. The wafers were mounted on a stain-
less-steel sample holder and installed into a
five-sample quartz-Pyrex vacuum cell. The
wafers were then calcined in situ at 400°C
while evacuating (107 Torr) for 20 hr. After
cooling to room temperature, a spectrum
was recorded. Pyridine vapor adsorption
was accomplished for 5 min. Afterward, the
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cell was degassed and evacuated (107
Torr) at a temperature of 200°C for 16 hr to
eliminate completely the physisorbed pyri-
dine before the recording of another spec-
trum. All spectra were recorded from 4000
to 1,000 cm~! using a digilab FTS-60 instru-
ment with 2 cm™! resolution.

ESCA

Dispersion and oxidation states of Pl,
P2, P3, and P4/H-ZSM-5 calcined and
uncalcined samples and PS/H-ZSM-5
calcined sample were studied by X-ray pho-
toelectron spectroscopy (ESCA). Spectra
were acquired on a VG ESCALAB Mark 11
electron spectrometer equipped with a
hemispherical electron analyzer. Samples
were mounted in stainless-steel cups and
analyzed in the constant pass energy mode
(20 eV), using an incident beam of MgKa
X-rays. Pressure in the chamber during
spectral acquisition was less than 107% Pa.
All binding energies were corrected for
charging by referencing the binding energy
scale to Si»p at 103.4 V. Calcined catalysts
P1, P2, P3, and P4/H-ZM-5 were ground
for 30 min in a mortar and XPS spectra
were taken under the same conditions as
the unground samples.

Catalytic Tests

Methanol-to-gasoline (MTG) reactions
were carried out at atmospheric pressure
and at 400°C in a microcatalytic fixed-bed
reactor, made of 38-cm-long SS tube with a
6-mm i.d. One gram of catalyst was placed
between two plugs of glass wool in the mid-
dle of the reactor. The catalyst was intro-
duced in the reactor freshly calcined and no
further pretreatment was performed. Meth-
anol (99.99% pure from Fisher) was fed 2 hr
into the reactor using a HPLC Gilson pump
for injection in a helium gas stream. A he-
lium flow rate of 30 ml STP/min and a con-
stant methanol WHSYV of 1.4 hr~' were
maintained for all runs. Condensed frac-
tions were collected separately at 0 and
—80°C and noncondensed products were
sampled at selected time intervals with a
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16-loop Valco valve controlled by a se-
quence programmer. All products were an-
alyzed using a Perkin—-Elmer Sigma 15 gas
chromatograph equipped with two Porapak
Q columns. From the analysis of the vari-
ous products collected, the weight percent
of each product in the stream leaving the
reactor was calculated. A more detailed de-
scription of the setup and analytical proce-
dures is given in (/5).

RESULTS
FTIR Spectroscopy

Figure 1 shows infrared spectra in the re-
gions 1400-1600 (after pyridine adsorption)
and 3000-4000 cm™! (before pyridine ad-
sorption). After adsorption of pyridine, the
bands due to chemisorbed pyridine were
observed at approximately 1546 and 1457
cm~!, respectively. At the same time, the
3610 cm™! band, assigned to the Al-OH
band disappears due to the formation of
pyridinium ions. The line assigned to Si-
OH vibrations, which appears at 3740 cm™!,
is not affected by pyridine adsorption. For
P5S/H-ZSM-3, which contains the highest
amount (2.4%) of phosphorus, both bands
at 3610 and 3740 cm™!' are attenuated after
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F1G. 1. (a) Infrared spectra in the region 1400—-1600
cm~! after pyridine adsorption and (b) IR spectra in the
region 3000-4000 cm~! before pyridine adsorption.
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phosphorus deposition, and a new band ap-
pears at 3685 cm™!,

The bands at 1546 and 1457 cm™! indicate
the presence of both Brgnsted and Lewis
acid sites, respectively. A third band at
wavenumber 1491 cm™! is due to contribu-
tions of both Lewis and Brgnsted acid sites.

An estimation of the ratio of the number
of Brénsted acid sites to Lewis acid sites is
obtained by

B Ap

-— X (SL/sB)a

where Ag/A; is the IR absorbance ratio and
er/eg is the extinction coefficient ratio.
Rhee et al. (23) found that e;/eg asymptoti-
cally approaches 1.5 for SiO,/ALO; > 15.
The unit cell of the H-ZSM-5 support is
expressed as Al ;Sig3 730192 and upon de-
hydroxylation, two Bregnsted sites must be
destroyed for each Lewis site created:

B, =227 - 2L,. 2

Applying Eq. (1) to the support gives an
equation between By and Lz, which can be
solved simultaneously with Eq. (2) to yield
the values forBzand L;, By = 1.8 and L; =
0.26 per unit cell.

Assuming that one P is exchanged for
one Brgnsted site and no Lewis site is cre-
ated in this exchange, the following equa-
tion can be developed:

(P) =Bz — B =B;
— (2.27 — Bz)(er/ep)(Ap/AL), (3)

where (P) represents the number of phos-
phorus-containing ions exchanged per unit
cell. These resuits also expressed either as
the number of unexchanged Brgnsted sites
(B) or as the weight percent of exchanged
phosphorus (wt% P) are presented in Table
1 for calcined catalysts.

Photoelectron Spectroscopy

The binding energy for O;s, Alz,, P2, and
C,, and ESCA intensities as well as atomic
ratios calculated from intensity ratios are
presented in Table 2 for both calcined and
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TABLE 1
Quantitative IR Analysis of Adsorbed Pyridine

Sample VBrgnsted  VLewis As/A? Pluc? Blu.c. Weight

ecm™)  (cm™Y) percent

P exch.
H-ZSM-5 1546 1457 4.6 — 1.8 —
P1/H-ZSM-5 1546 1457 3.64 0.38 1.42 0.20
P2/H-ZSM-5 1548 1456 3.25 0.53 1.27 0.28
P3/H-ZSM-5 1545 1457 3.18 0.56 1.24 0.30
P4/H-ZSM-5 1545 1456 3.16 0.57 1.23 0.31
PS/H-ZSM-5 1546 1445 0.69 1.53 0.27 0.82

@ Ratio of absorbances at vargnsted (As) and VLewis (AL).
b Calculated from Eq. (3); u.c., unit cell of the ZSM-5 support Al 7
Sig3.730192.

uncalcined unground samples, and in Table
3 for calcined ground samples. All binding
energy values were obtained with a preci-
sion of 0.1 eV, with the exception of Cy,
for uncalcined samples and Oy, and Al,, for
calcined samples. These values were ob-
tained from the survey with a precision of
+0.5 eV.

Ratios of atomic concentrations in the
first layers of the sample are estimated from
the corresponding ESCA peak area ratios
using the relationship

(P) _np Ap
Sl XPS - ns;j - AS]' ap )\p
where o is the cross section of the emission
of photoelectrons, A is the escape depth, np/
ng; is the ratio of atomic densities of phos-
phorus and silicon, respectively, and Dp/Dg
is the electron detection efficiency ratio,
which for the VG ESCALAB II equals
(Exp/Eks)~'? where Ex stands for the ki-
netic energy of the emitted electron.

To estimate particle size data from XPS
intensity measurements, a model devel-
oped by Kaliaguine et al. (/6) was em-
ployed. The model is similar to that of
Kerkhof and Moulijn (17) but it deals simul-
taneously with the effects of both disper-
sion and surface segregation in the repre-
sentation of ESCA intensity ratios. It is
assumed that the catalyst consists of stacks
of sheets of the support with the supported
phase particles in between these sheets.
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TABLE 2

ESCA Data for Calcined and Uncalcined Samples

Sample (P/Si)puLk  AE? O Al, Py Cis Isiy, Iy,  Dllsi  Ic/lp (P/Si)esca  (C/P)esca
x10% charge (eV) (eV) (eV}) (eV) x107%  x107%  x]0} X103
(eV)

H-ZSM-5 — 5.0 533.0 753 — — 20.33 — — — — —
PI/H-ZSM-5

Calcined 6.0 4.6 533.0 753 136.1 — 18.509 0.289 15.6 — 10.9 —

Uncalcined 3.5 5329 75.1 135.6 2855 16.715 0.315 18.8 6.13 13.1 7.91
P2/H-ZSM-5

Calcined 8.2 4.4 5332 752 136.1 — 23.125  0.638 27.6 — 19.2 —

Uncalcined 33 533.2 753 1353 285.8 15403 0.587 38.1 8.54 26.5 11.02
P3/H-ZSM-5

Calcined 13.9 4.5 533.2 756 136.2 — 21.17 0.791 374 — 25.9 —

Uncalcined 2.4 533.5 753 1349 286.6 11.63 0.815 70.1 9.88 48.7 12.74
P4/H-ZSM-5

Calcined 16.0 4.8 533.1 75.5  136.1 — 15.216 0.563 37.0 — 25.7 —

Uncalcined 2.3 532.7 75.0 1334 286.7 11.02 0795 72.0 10.86 50.2 14.00
P5/H-ZSM-5

Calcined 48.0 4.7 533.8 75.0 1349 — 14.08 0.733  52.06 — 36.2 —

¢ Calculated by taking Siy, at 103.4 V.

For unground catalyst the uneven reparti-
tion of supported species was represented
by a population of small crystals, with size
C1, being homogeneously dispersed over
the entire surface of the catalyst, while an-
other population of larger crystals of size C,
are segregated on the external surface of
the support. For the ground catalysts, it
was assumed that the two populations are
homogeneously dispersed over the entire
surface of the catalyst. The total loading xp
= x; + x, where x; and x, are the respec-
tive weight percents of crystallites with
sizes C; and C;. Table 4 represents the
results for C; and x,, calculated by solving
simultaneously the two equations given in
Ref. (16) for ground and unground catalysts

and using the two series of experimental
values for (IPZp/ISin)ESCA'

In the calculations, the following values
have been used: density of SiO», ps = 2.4
g/em?, and P,0s, p, = 2.39 g/cm?; N, BET
surface area of the support S, = 350 m%g;
external surface area Ay = 10 m%g, a value
adopted for ZSM-S with similar crystal size
and habit (/8); escape depth for Siy,, Asi =
24 A, and Py, \, = 20 A (19-21); cross
section of the emission for Siy,, os; = 0.865,
and for P, o, = 1.25 (22); calculated ratio
of atomic densities of supported phase and
support np/ng = 0.946; Exp = 1108.7 eV;
and Exs = 1141.4 eV. The value of C, was
arbitrarily chosen as 3 A, considering the
pore size and geometry of the zeolite ZSM-

TABLE 3

ESCA Data for

Ground Catalysts

Sample (P/Si)BULK AE* OIS Alzp P}_p [S‘2p IPZp Ip/lsi (P/Si)ESCA
x10% charge (eV) eV) (eV) x 103 x 1073 x10° x 103
(eV)
PI/H-ZSM-5 6.0 5.2 533.8 75.4 135.8 13.65 0.230 15.00 11.71
P2/H-ZSM-5 8.2 5.2 533.8 75.6 135.6 16.42 0.413 25.15 17.48
P3/H-ZSM-5 13.9 4.9 534.0 75.5 135.5 18.52 0.556 30.02 20.86
P4/H-ZSM-5 16.0 4.9 534.0 75.6 135.7 14.53 0.428 29.46 20.48

 Calculated by taking Si,, at 103.4 eV.
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TABLE 4

Values of Weight Percent Dispersed Fraction (x;) and Segregated Crystal Size (C;)
Calculated from the ESCA Model in (/6)

Calculated from

Sample X (Ip/Ig;)xps Tatio
(Wt%) two XPS
Unground Ground intensity ratio
catalyst catalyst
% ¢ (A)
P1/H-ZSM-5 0.3 0.0156 0.0150 0.20 233
P2/H-ZSM-5 0.4 0.0276 0.0252 0.29 267
P3/H-ZSM-5 0.7 0.0374 0.0300 0.34 307
P4/H-ZSM-5 0.8 0.0370 0.0295 0.33 397

5. It was found by Kaliaguine ez al. (18) that
if C; varies from 3 to 10 A, C; is not
changed by more than a few percent.

Catalytic Tests

Results of the standard MTG test per-
formed on H-ZSM-5 and all phosphorus/
H-ZSM-5 samples are presented in Table
5. Methanol conversion to hydrocarbons

age of methanol decomposed to CO and H,
(designated as (H; + CO)cqc), and a weight
percent of water transformed by water gas
shift (H,Owgs). Both quantities are essen-
tially not affected by the presence of phos-
phorus. According to the general reaction
pathway of MTG reaction (24),

2CH3OH = CH3OCH3 -
C,-C;s Olefins — Paraffins

and water is complete in all cases. From the Aromatics
percentage of H,, CO, and CO, determined Cycloparaffins
in the products one can calculate a percent- C? olefins
TABLE 5
Results of MTG Tests
Catalyst: H-ZSM-5 PUH-ZSM-5 P2H-ZSM-5 P3H-ZSM-5 P4/H-ZSM-5 PS/H-ZSM-S
Conversion (%): 100 100 100 100 100 100

Product distribution (wt%)

(CO + Hp)eae 0.6 1.0 0.2 0.5 0.7 07

HyOern® + HyOwes? 55.1 52.8 56.1 55.4 55.9 52.9

% WGS¢ 0.1 0.05 0.06 0.06 0.03 0.06

Hydrocarbons 443 46.2 43.7 44.1 434 46.4
Hydrocarbon distribution (wt%)

CH, 0.8 0.8 0.6 0.6 0.5 0.7

C;—C, paraffins 51.4 57.0 442 4.1 403 14.0

C,—C, olefins 2.7 5.8 8.2 11.0 9.1 45.1

% olefins in C;~C,4 4.9 9.2 15.6 19.9 18.5 76.3

ct 45.1 36.4 46.9 44.3 50.1 40.1

Aromatics Ag—Ajq 30.3 23.4 27.8 24.7 29.3 11.2

% aromatics in Ci 66.5 64.3 59.3 55.9 59.7 28.0

% H in hydrocarbons 51.6 511 50.5 51.9 50.9 52.9
Production of aromatics (g/2 hr) 0.37 0.31 0.34 0.35 0.36 0.14

Note. Operating conditions: temperature 400°C, pressure 1
« Amount of water measured in the reaction products.

atm, WHSV 1.4 hr™!, helium flow rate 30 ml STP/min.

& Amount of water converted by WGS (calculated from CO, production).

€% WGS = 100 X HoOwgs/[HyOcxpt + H2Owasl.
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the changes in activity are best illustrated
by the change in olefin content in the C,—Cy4
fraction and aromatics in C{ fraction of the
products, since methanol and dimethyl
ether conversions are 100% in all cases. An
increase in the relative yield of C,—C, ole-
fins upon phosphorus deposition and a de-
crease in aromatic production are observed
for all catalysts. Figure 6 represents the
proportion of propylene in C; products as a
function of the number of Brensted acid
sites present in the sample determined from
IR of adsorbed pyridine. It is observed in
Fig. 6 that by selective poisoning of ZSM-5
with phosphorus, it is possible to increase
dramatically the yields in light olefins.

Figure 7 represents the proportion of the
different hydrocarbon chain lengths ob-
tained in the products of a MTG test. For
P5/H-ZSM-5 higher amounts of olefins and
lower amounts of aromatics were obtained
compared to other samples and cyclohex-
ene was the main Cg product.

DISCUSSION

Figure la shows the spectra of pyridine
adsorbed on the various catalysts. A con-
tinuous decrease in the absorbance ratio of
the 1545 to 1456 cm™! lines (Ag/A;) is ob-
served as the phosphorus content is in-
creased. This variation is indicative of the
progressive poisoning of the Brgnsted acid
sites by phosphorus species. Figure 1b
shows the OH vibration bands of the
calcined catalysts before pyridine adsorp-
tion. The P1 to P4/ZSM-5 catalysts show
the same two lines as the support, namely
the 3740 cm ™! band corresponding to silanol
Si—OH groups and the 3610 cm ™! band usu-
ally associated with the acidic Al-OH
groups. Upon pyridine adsorption the 3740
cm! is almost not affected whereas the
3610 cm™' band disappears completely.
These spectra suggest therefore that at low-
P content these catalysts (up to 0.8%) con-
tain no new OH group. Only in the P5/
ZSM-5 catalysts, containing 2.4% P, is a
new line observed at 3685 cm~!. This sug-
gests that the new OH group is associated
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ESCA intensity ratio as a function of bulk atomic ratio
(P/SDpu -

with the phosphorus oxidic phase located
on the external surface of the support,
which is only abundant in the P5/ZSM-5
sample. Upon pyridine adsorption the 3685
cm™! line is only slightly affected which
suggests that the corresponding OH group
is not acidic.

Figure 2 gives the values of atomic ratio
P/Si calculated from ESCA intensity ratio
Ipzp/ISizp using Eq. (4), as a function of the
bulk value for P/Si. The upper curve corre-
sponds to the samples after triphenylphos-
phine adsorption, before calcination. As
this curve lies well above the y = x line, it
must be concluded that phosphorus is both
surface segregated and well dispersed in
these samples. Calcination results in a sig-
nificant decrease in (P/Si)gsca Which could
correspond either to a penetration of the
phosphorus species in the pore lattice or/
and to a sintering or agglomeration of the
phosphorus-containing phase upon calcina-
tion. As the ground samples yield lower
values of the (P/Si)gsca ratio than the un-
ground ones, it must be concluded that
phosphorus is at least partially surface seg-
regated in the calcined catalysts P1 to P4/
ZSM-5.

In Fig. 3, values for the (C/P)gsca calcu-
lated from intensity ratios for C;s and Py,
ESCA lines using the adapted version of
Eq. (4) are reported as a function of the
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F1G. 3. Atomic ratio of (C/P)gsca calculated from
ESCA intensity ratio as a function of bulk weight per-
cent phosphorus.

bulk weight percent of phosphorus in non-
calcined samples P1 to P4/ZSM-S. If the tri-
phenylphosphine had no chemical interac-
tion with the support, a value of 18 would
be expected for C/P. As the values for sam-
ple P2-P4/ZSM-5 are closed to 12 (see Ta-
ble 2) it may be suggested that P species
bearing two aromatic rings are predomi-
nantly adsorbed on these catalysts. The
value close to eight for the (C/P)gsca ratio in
sample P1/ZSM-5 suggests that at low-P
loading a higher proportion of more con-
verted phosphine species, bearing for ex-
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ample only one phenyl, is present. These
suggestions are supported by the values of
the P,, binding energies reported in Table 2
for noncalcined catalysts, which shows a
progressive decrease from 135.6 eV in P1/
ZSM-5 go 133.4 eV in P4/ZSM-5. As the
reported value (25) for P,, in triphenylphos-
phine is 130.6, it is believed that the pro-
gressive addition of phenyl ligands to triva-
lent phosphorus would be responsible for
the observed shift. Interestingly as shown
in Fig. 4 this progressive shift of the P,
binding energy is accompanied by a shift in
the opposite direction of the C;g level, indi-
cating electron transfer from the aromatic
ring to the phosphorus atom. In Fig. 4, the
C/P value for triphenylphosphine was arbi-
trarily chosen as 18.

From the Ip/ls; values for the calcined
catalysts P1-P4/ZSM-5 reported in Tables
2 and 3 for unground and ground samples,
the values for x; and C, were calculated us-
ing the equations developed in Ref. (16) x;
is the weight percent of the phosphorus
fraction located within the pores, whereas
xp 1s the bulk weight percent of phos-
phorus, so that the loading of segregated
phosphorus in these catalysts stays be-
tween 0.10 and 0.47%. The average size C;
of the crystallites of this segregated phase
varies from 233 to 397 A.

In Fig. 5 the values for the weight percent
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F1G. 5. Weight percent phosphorus exchanged with
Brgnsted acid sites as a function of weight percent
dispersed fraction (x;) calculated from ESCA data.
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of phosphorus exchanged with Brgnsted
acid sites in calcined catalysts, determined
by IR of adsorbed pyridine and reported in
Table 1, are plotted as a function of x,, the
weight percent of the well-dispersed phos-
phorus located within the pores, calculated
from ESCA intensity ratios and reported in
Table 4. The agreement between the two
sets of values is surprisingly good, suggest-
ing that in these four samples almost every
phosphorus atom having penetrated the
pores has substituted a Brgnsted acid site.
It seems thus that the phosphorus species
derived from triphenylphosphine are ex-
tremely active poisons of these sites. One
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Fi1G. 7. Distribution of carbon numbers in the hydro-
carbon products of MTG tests.
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possible mechanism for this poisoning is
shown in Fig. 8.

In Fig. 8, a model is also proposed for the
pentavalent phosphorus species obtained
upon calcination of diphenyl intermediates.
This structure may be considered the dehy-
drated version of that proposed by Kaeding
and Butter (7, 27). The dehydroxylated
form is preferred here because as discussed
above no new OH band appears in the IR
spectra of calcined samples P1, P2, P3, and
P4/ZSM-5 compared to the spectrum of the
support.

From Table 5 it is apparent that the frac-
tion of olefins in C,~C4 hydrocarbons and
the production rate of aromatics are
strongly dependent on the bulk phosphorus
content. In Fig. 6 it is shown for example
that the proportion of propylene in C; is
well correlated with the concentration of
nonpoisoned Brgnsted acid sites, deter-
mined from IR of adsorbed pyridine. Obvi-
ously very high olefin contents and very
low conversion to aromatics may be ex-
pected under standard conditions for Brgn-

Linteraction with external acid sites
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Fic. 8. Mechanism for phosphorus binding to the

zeolite framework.
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sted sites concentrations below 0.3 per unit
cell. The ESCA study did show that using
the GPA technique such levels of exchange
are only reached for high-P loadings when a
large proportion of the phosphorus is sur-
face segregated. Figure 7 shows the carbon
number distribution in the products of the
standard MTG test. Only with the PS/ZSM-
5 sample is the fraction of C¢{ noticeably
decreased. It is interesting to note that the
Cs hydrocarbons obtained with this catalyst
are essentially containing cyclohexene.
This confirms that cycloolefins are interme-
diate in the production of aromatics from
olefins (26).

CONCLUSION

This work illustrates the importance of
the ESCA technique in the study of modi-
fied zeolites. The data for C/P ratios calcu-
lated from ESCA intensity ratios suggest
that in the noncalcined catalysts, phos-
phorus is mainly present as in diphenyl in-
termediates. At very low loadings (0.3%)
more converted P species are present on
the surface suggesting that triphenylphos-
phine interacts first with pairs of Brgnsted
acid sites. These pairs being very low in
concentration are rapidly saturated and the
diphenyl species dominates when P loading
is increased.

The results of Fig. 2 which show a clear
decrease in (P/Si)gsca ratio can be inter-
preted by a diffusion of the dipheny! inter-
mediates into the pore lattice during calci-
nation. According to this model all
phosphorus atoms located inside the pore
channels would be in ionic species ex-
changed for Brgnsted acid sites. Such a sit-
uation is strongly supported by the resuits
shown in Fig. § which indicate that the IPL
phosphorus loading calculated from ESCA
data (x)) is identical, in low phosphorus
samples, with the phosphorus loading in
cationic species having substituted Brgn-
sted sites, and determined independently
from IR of adsorbed pyridine data. This ex-

RAHMAN ET AL.

change is therefore viewed as the poisoning
mechanism which leads to increased olefin
contents and decreased aromatic produc-
tion rates during MTG reactions.
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