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ZSMJ zeolite samples have been synthesized in the presence of NaAIOz and NaBOz to yield a 
crystalline phase of almost unchanged Al + B site population, but with increased B/Al ratio. The 
presence of boron in the zeolitic lattice is evident by MAS NMR. Transformation of boron (upon 
NH, sorption) within trigonal and tetrahedral symmetries, which is revealed by IR spectroscopy as 
persistence and disappearance of the trigonal B-O stretching mode at 1385 cm-‘, together with the 
appearance of the =Si-O-B= skeletal vibration at 920 cm-l for the zeolite as synthesized, 
confirms the incorporation of boron by synthesis with no evidence of occluded amorphous boron 
oxide phase. IR spectroscopy reveals a distinct absorption at 3700 cm-’ assigned to Bronsted sites 
associated with lattice boron. NH, sorption, studied by IR spectroscopy and microcalorimetry, 
reveals weak acidity for boron-associated sites; however, they do certainly sorb ammonia. Kinetic 
data of 3-Me-pentane sorption suggest a role for lattice boron in modifying the interior part of the 
zeolite, which is also indicated by catalysis of toluene disproportionation as improved selectivity 
toward p-xylene formation. Zeolite modification by the present method, although exhibiting a 
minor effect on ZSM-5 shape selectivity, has a major role in drastically decreasing the zeolite 
acidity and hence activity. o 1989 Academic press, IX 

INTRODUCTION 

The phenomenon of shape selectivity in 
catalysis and sorption by zeolites has stim- 
ulated increasing interest at both the indus- 
trial and the academic levels. Substantial 
progress regarding modification of the zeo- 
lite shape selectivity has followed the pio- 
neer work of Weisz and Frilette (I). Re- 
searchers in the decade 1970-1980 were 
fortunate in witnessing the birth of the most 
interesting shape-selective zeolite ZSM-5 
(2). Several approaches to modifying the 
selectivity of this zeolite have been re- 
ported (3-10). At present, novel techniques 
appear to be promising whereby attempts 
are being made to replace zeolitic alumi- 
num and/or silicon by other elements. 

On the basis of the higher activity of bo- 
ron than that of aluminum, it has been con- 

1 Present address: Chemistry Department, Faculty 
of Science, Al-Azhar University, Cairo, Egypt. 

2 To whom correspondence should be addressed. 

sidered that replacing B for Al in ZSM-5 
might enhance the catalytic activity. Also, 
as a smaller atom, boron incorporation in 
the zeolite framework might reduce the cell 
parameters and thus modify the shape se- 
lectivity. Several patents (11-17) have dis- 
closed the invention of a new molecular 
sieve, which exhibits a structure and shape 
selectivity (5) similar to those of ZSM-5, 
called boralite. In boralite, B occupies a 
typical site of the framework Al. Catalytic 
activity is claimed for the new sieve (12, 24, 
1%20), with the condition in some cases 
(12, 24) that the sieve must be pretreated in 
the presence of Al-based binders. Modified 
shape selectivity, although claimed, is not 
apparent. Recently, Bronsted sites of low 
acidity, compared with those associated 
with zeolite Al, have been revealed for the 
new sieve (17, 21-25). Such sites seem to 
be associated with B, since counterpart 
sites are not evident for the typically struc- 
tured silicalite sieve. 
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In a different approach, Derouane er al. 
(26) have chosen to modify ZSM-5 by B 
incorporation in an already synthesized ze- 
olite. The data of their study have revealed 
a linear decrease in catalytic activity with 
modification, i.e., with the decreased Al 
content being replaced by boron. 

The aim of the present investigation has 
been to study the effect of increased boron 
(at the expense of lattice aluminum) popula- 
tions on both catalytic activity and shape 
selectivity of ZSM-5 and to compare such 
an effect of B incorporation with that of B 
impregnation (27). 

EXPERIMENTAL 

Materials 

High-purity-grade methanol and toluene 
(Merck) were used as reactants for both 
catalytic methanol conversion and xylene 
formation. Dried (over Na wire) and de- 
gassed (by freeze-pump-thaw cycles) am- 
monia was used to probe modified zeolite 
acidity, the key to modified catalytic activ- 
ity. 

Zeolite Modification 

The modified zeolite was synthesized ac- 
cording to example 1 of Ref. (2), with a 
precaution to avoid contaminating the reac- 
tion with CO* as previously described (28). 
In addition to the original H-ZSMO-5, sev- 
eral samples were synthesized with the in- 
tention of incorporating boron at an in- 
creased population so that the product 
would exhibit an increased B/Al ratio, with 
B + Al being almost unchanged. This has 
been followed by adding NaA102 (alone or 
mixed with NaB02) to colloidal silica in tet- 
rapropylammonium hydroxide. The resul- 
tant milky solution was homogenized by 
gentle warming prior to subjecting the as- 
sembly to freeze-pump-thaw cycles. The 
Pyrex vessel used for the reaction was then 
sealed and placed in a steel bomb which 
was heated in a furnace at 423 K for a 
period of 1 week. The crystalline cake 
was filtered, crushed, washed several 

times with distilled water, and then dried at 
393 K. 

The crystalline phase was identified as of 
ZSMJ structure by both X-ray diffraction 
(29) and infrared band absorbance ratio 
(30), A&A450 of ca. 0.61 (Table 2). The 
acidic samples were obtained from their 
parent derivatives by acid ion exchange in 
0.5 M HCl at 353 K/6 h. The results of ele- 
mental analysis are reported in terms of 
sites per zeolite unit cell (Table 1). 

Sorption Measurements 

Both the capacity and the kinetics of n- 
hexane and 3-Me-pentane sorption (PIP, = 
0.1) were studied by thermogravimetry 
with a Sartorius microbalance at 293 K for 
samples outgassed (0.1 mPa) at 673 K/12 h. 

Acidity Measurements 

(i) Infrared spectroscopy. Zeolite sam- 
ples (ca. 14 mg) were pressed (5700 kPa) 
into thin wafers (5 mg cme2). The IR spec- 
tra (200-4000 cm-i) were recorded with 2.8 
cm-i resolution, using a double-beam 
Perkin-Elmer Series 580 spectrometer. 
Highly absorbing lattice vibrations were 
measured using the KBr disk (2% dilution) 
technique. NH3 at a pressure of 1.33 kPa 
was admitted at 373 K onto wafers out- 
gassed (0.1 mPa) at 673 K/2 h. Physisorbed 
NH3 was pumped off at 293 K, as indicated 
by the IR spectrum. Other spectral mea- 
surements were performed following NH3 
desorption at 373 K and higher tempera- 
tures. 

(ii) Microcalorimetry. The heat of NH3 
sorption was studied by introducing succes- 

TABLE 1 

Zeolite Elemental Analysis “in Terms of Site per 
Unit Cell” 

Zdik Symbol Si Al B Na Al + B B/Al 

H-ZShQ-5 0 91.8 4.1 0.1 0.5 4.2 0.02 
H-ZSM,-5 A 91.1 4.0 0.9 0.6 4.9 0.23 
H-ZS&J 0 91.2 3.2 1.6 1.0 4.8 0.50 
H-ZS&-5 

;j 

91.9 2.8 1.3 0.9 4.1 0.47 

H-ZSM4-5 91.7 2.6 1.7 0.6 4.3 0.65 
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TABLE 2 

Data from IR Spectroscopy, Hydrocarbon Sorption 
at 293 K (PIP,, = O.l), and SEM 

Zdik IR Wt% sorption Crystal sire 

Ad4so (rm) 
3-Me-pentane II-HeXane 

H-ZSM”-5 0.61 7.1 II.5 0.8-1.5 
H-ZSMi-5 0.62 7.1 11.5 0.5-0.7 
H-ZSM2-5 0.62 6.8 II.1 0.5-0.7 
H-ZSM3-5 0.61 6.7 10.5 2.0-5.0 
H-ZSM4.5 0.59 6.8 II.1 0.5-0.8 

sive small doses (0.04 cm3) onto the zeolite 
(100 mg) at 423 K as previously described 
(31). Both volumetric and calorimetric data 
were collected at elevated pressures (ca. 
0.013 to 133 Pa), using a Setaram Tian- 
Calvet microcalorimeter equipped with a 
Datametric Barocel gauge of 133 Pa pres- 
sure range and computer microprocessing. 

Catalytic Activity and Shape Selectivity 
Measurements 

A fixed amount of the zeolite (50 mg) was 
activated under N2 at 673 K/14 h and was 
then used for either toluene/CH30H (4/l) 
alkylation (WHSV = 5 h-l) or toluene dis- 
proportionation (WHSV = 0.5 h-‘) at 673 K 
as previously described (27). Catalytic ac- 
tivity was measured as toluene conversion 
as a function of time, while shape selectiv- 
ity was measured as mole percent p-xylene 
formed with respect to other isomers. 

RESULTS AND DISCUSSION 

Sorption of Hydrocarbons Studied by 
Thermogravimetry 

Sorption of n-hexane and 3-Me-pentane 
has been performed at 293 K. The maxi- 
mum sorption capacity measured after 16 h 
of sorption is reported in Table 2. Both ad- 
sorbates show either comparable or slightly 
lowered (with increased boron content) ca- 
pacities, relative to those reported for ordi- 
nary (32) ZSM-5. It is interesting to point 
out that, while the sorption kinetics (Fig. 1) 
of 3-Me-pentane are almost unaffected at 
early sorption stages, a progressive de- 

crease is revealed with increased boron 
content at later stages. This may reflect a 
role of boron in slightly constraining the in- 
terior part of the zeolite, provided both 
morphology and size of crystallites are sim- 
ilar (Table 2, column 5) except for H- 
ZSM3-5 exhibiting larger crystallite size. 

The State and Acidity of Boron as Studied 
by Infrared Spectroscopy 

One of the most important features to in- 
vestigate by infrared spectroscopy is to 
identify whether the skeleton Si-O-B is 
formed during the zeolite synthesis or not. 
Figure 2a shows the IR spectrum of H- 
ZSM-5 as synthesized, i.e., as Na, TPA- 
ZSMz-5. The spectrum is dominated by ab- 
sorptions associated with occluded TPA 
vibrations (3). In the lower region of the 
spectrum two distinct absorptions appear at 
920 and 670 cm-* exclusively for the modi- 

FIG. 1. Dependence of sorption kinetics of 3-Me- 
pentane on zeolite boron content. For symbol signifi- 
cance in this and later figures, see Table 1. 
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FIG. 2. Infrared spectra of Na, TPA-ZSM*-5. (a) Spectrum of the zeolite as synthesized; (b) same as 
for (a), but after pretreatment at 0.1 mPa/673 K for 6 h; (c) same as for (b), but after further pretreat- 
ment at 723 K for 4 h. 

fied samples, where they intensify with in- 
creased (Fig. 3) boron content. Such ab- 
sorptions are observed for borosilicates and 
are assigned to skeletal, %-O-B (33) vibra- 
tions. TPA+ cations decompose partly (Fig. 
2b) upon outgassing the sample (0.1 mPa) at 
673 K/6 h, with the appearance of a broad 
band at 1385 cm-r which is progressively 
developed with increased TPA+ decompo- 
sition (Fig. 2~). Moreover, the band inten- 
sity of that mode increases with the zeolite 
boron content, which indicates association 

with boron (see Fig. 3). The absorption at 
1385 cm-’ is very sensitive to sorption of 
basic sorbates, where it diminishes upon 
NH3 sorption (Fig. 4b) with the appearance 
of a band characteristic of NH: at 1460 
cm-‘. This is reversible (Fig. 4c) with the 
sorbate desorption. The same phenomenon 
is detected upon hydration of borosilicate 
films (3) and upon sorption of NH3, 
CHsOH, and Hz0 onto pure boralite sam- 
ples (22) (see Scheme 1). 

Since it is evident that the 1385 cm-r ab- 

FIG. 3. Variation of IR band intensity with the zeolite boron content. (a) At 1385 cm-‘; (b) at 920 
cm-‘. 
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FIG. 4. Infrared spectra of H-ZSM4-5. (a) Zeolite 
pretreatment at 673 K for 2 h; (b) same as for (a), but 
after NH, sorption at 373 K; (c) same as for (b), but 
after desorption for 15 min at 293 K. 

sorption appears only when the zeolite is 
present in the protonic form, it may then be 
suggested that the electron affinity for pro- 
tons is so great that coordination of the lone 
pair electrons at lattice oxygen to boron 
Lewis sites does not favorably occur. Re- 
placing H+ by a cation of less electron affin- 
ity, e.g., NH:, allows such coordination to 
take place leading to structure II (23,24). It 
appears therefore that boron in structure I 
occupies a trigonal site which transforms to 
a tetrahedral site upon sorption of basic 
sorbates (structure II). Thus, it is appropri- 
ate to assign the absorption at 1385 cm-r to 
a trigonal B-O stretching vibration (34,35). 
The disappearance of that absorption upon 
NH3 sorption and recovery upon NH3 de- 
sorption are consistent with the reversible 
site transformation (structure I * structure 
II), since the tetrahedral B-O stretching 
mode absorbs infrared radiation at lower 
frequencies which could not be identified 

YSi2 /O 
0’ ‘0 “\ /“:\g” o/s\, WHg /\ ‘3,’ - a\s,/ 0’ ‘0 

0’ ‘0 Ii*81 0’ ‘0 
SCHEME I 

because of the highly absorbing tetrahedral 
Si-0 stretch near this spectral region. 

In the spectral region appreciably above 
3000 cm-‘, three absorptions appear at 
3720, 3700, and 3610 cm-i (Figs. 2 and 4) 
and are assigned to nonacidic surface SiO- 
H, boron-associated Bronsted sites, and 
Al-associated Bronsted sites respectively. 
B-associated Bronsted sites absorbing at 
3700 cm-’ have already been reported (23- 
25), and Al-associated Bronsted sites ab- 
sorbing at 3610 cm-l are well known (37). 
Table 3 reveals the ideal association of the 
absorbance at 3610 cm-’ with Al-associated 
Bronsted site population, Hi!. The higher 
wavenumber, distinguishing weak absorp- 
tion of B-associated Bronsted sites, would 
indicate a higher SiO-H bond force con- 
stant, which suggests lower acidity than 
that of Al-associated Bronsted sites. 

Modijied Acidity as Studied by 
Microcalorimetry (38) 

Previous reports (22-24) on boralite sam- 
ples have shown quite a weak acidity for 
boron-associated acid sites. Measurable 
acidity has been detected only for samples 
contaminated with aluminium. In the 
present investigation, Table 4 reports sorp- 
tion capacities collected from sorption iso- 
therms given in Ref. (38) at 0.5 and 1 .O Torr 
for samples pretreated at 673 and 1073 K. 
As shown, both B and Al sites contribute 
equally to sorption capacity, where ideal 
correlation of the moles of NH3 sorbed with 
the total acid site population (Table 3) is 

TABLE 3 

Data from Elemental and IR Analyses “in Terms of 
Site per Unit Cell” 

Zeolite H+ total HA A 3610 cm-' 

H-ZSM,-5 3.7 3.6 0.100 
H-ZSM,-5 4.3 3.4 0.095 
H-ZSM*-5 3.8 2.2 0.085 
H-ZSMS-5 3.2 1.9 0.055 
H-ZSMr5 3.7 2.0 0.060 

Note. H&, = (Al + B) - Na and HA, = Al - Na. 
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TABLE 4 

Sorption and Thermal Data Calculated from NH, 
Sorption at 423 K for Samples Degassed at 673 and 

1073 K in Moles per Unit Cell (38) 

Zeolite Pretreated at 673 K Pretreated at 1073 K 

Average sites strong Average sites strong 
sites sites 

0.5 Torr I Torr 0.5 Tom 1 Tom 

H-ZSMQ-5 4.8 5.3 2.0 3.6 3.9 1.6 
H-ZSM,J 5.2 5.9 1.4 4.0 4.4 1.3 
H-ZSMz-5 5.0 5.7 1.1 3.8 4.1 0.8 
H-ZSM,-5 4.1 4.7 0.8 3.1 3.5 0.4 
H-ZSM4-5 4.5 5.0 0.9 2.9 3.4 0.5 

revealed. This is true for either Bronsted 
(673 K) or Lewis (1073 K) acid sites. At 
variance, only Al-associated acid sites (Ta- 
ble 3, Hi,) contribute to the zeolite strong 
acidity that evolves heat of ca. 150 ? 10 kJ 
mol-l. Following a method based on a ther- 
mokinetic parameter (21), only the number 
of strong acid sites could be precisely cal- 
culated. The ideal correlation associating 
zeolite strong acidity to lattice aluminum 
holds true for either Bronsted sites (Table 
4, column’ 4) or Lewis sites (Table 4, 
column 7); compare the order of strength 
with Al site population (Table 3). This 
would clearly indicate that boron-associ- 
ated acid sites (Bronsted or Lewis), al- 

though sorbing NH3, do not release mea- 
surable heat, which suggests weak acidity. 

Calorimetric measurement at 423 K has 
been very important in differentiating sur- 
face acidity into order of strength, and 
hence distinguishes homogeneous and het- 
erogeneous distributions. Homogeneous 
acidity distribution can be viewed in the dif- 
ferential heat as an abrupt change with sur- 
face coverage, which indicates interaction 
with only two types of strong and weak 
sites. When NH3 neutralizes all the strong 
sites revealing an upper level heat plateau, 
the differential heat drops to a lower level 
heat plateau corresponding to the weak 
sites. Heterogeneous acidity distribution, 
on the other hand, is viewed as a systematic 
decrease in the differential heat with cover- 
age indicating interaction with sites of vary- 
ing strength. Figure 5 in Ref. (38) shows the 
differential heat for samples outgassed at 
673 K. As shown, the more the zeolite is 
modified the more heterogeneously are acid 
sites distributed. Surface heterogeneity in- 
creases in the order H-ZSMz-5 > H- 
ZSM4-5 > H-ZSM3-5 > H-ZSMr-5 > H- 
ZSMO-5. A typical order is shown in Fig. 6 
of Ref. (38) for samples outgassed at 1073 
K. This would indicate that a portion of the 
strong sites associated with aluminum is re- 

20 
I 

25Vh 

FIG. 5. Activity sequence and decay with time on stream for toluene/CH30H alkylation (WHSV of 5 
h-l at 673 K) for samples pretreated under N2 at 673 K for 14 h. 
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TABLE 5 

Toluene/CH,OH Alkylation, Mole Percent Product Distribution at 1 h 

Mel% Zeolite 

H-ZSM,-5 H-ZSMI-5 H-ZSM*-5 H-ZSMI-5 H-ZSM.,-5 

G-C2 0.8 1.5 1.1 1.5 1.7 
Xylenes 84.0 75.6 77.9 82.5 80.9 
G 15.2 22.9 21.0 16.0 17.4 
o-Xylene 14.0 18.1 18.7 11.6 14.0 
m-Xylene 25.6 32.8 31.3 16.0 31.5 
p-Xylene 60.4 49.1 50.0 72.4 54.5 

placed by a weaker one associated with bo- 
ron. This is applicable for either Bronsted 
sites or Lewis sites (38). 

Catalytic Studies 

(i) Toluene alkylation by methanol. The 
data of alkylation (Fig. 5) indicate clearly 
that catalytic activity follows a typical or- 
der of zeolite strong acidity for samples ac- 
tivated at 673 K. While H-ZSMO-5 exhibits 
a catalytic activity which is maintained high 
with reaction on stream, other modified 
samples exhibit lower activity decreasing 
for the more modified sample. This would 
exclude any function for boron, whereas 
Al-associated Bronsted sites, H& (Table 3), 
are the sole zeolite centers contributing to 
catalytic activity. Zeolite shape selectivity 
may be identified in terms of the less bulky 
p-xylene formed in the catalytic process, 
with respect to other xylene isomers. Table 
5 shows the product distribution of that 
process (WHSV = 5 h-i at 673 K) at high 
activity levels. As reported, the formation 
of xylenes is the dominant process with 
percentages of 80 ? 5 over all the samples. 
The amount of p-xylene formed over H- 
ZSM3-5 is exceptionally high and cannot be 
claimed to zeolite modification with boron, 
since a higher boron-incorporating sample, 
H-ZSMz-5 or H-ZSM4-5 (Table l), shows a 
lower selectivity (Table 5). The modified 
shape selectivity shown for H-ZSM3-5 can 
be a consequence of larger particle size (2- 
5 pm) (39) than that exhibited by other sam- 
ples (Table 2, column 5). 

At variance with the distinct modified 
shape selectivity shown by impregnated ze- 
olite samples (27), a similar effect is not 
revealed in the present investigation. Fur- 
thermore, strange phenomena associated 
with boron mobility for the impregnated 
samples (27) are not detected in the present 
case. These would confirm boron incorpo- 
ration in the zeolite lattice and exclude pos- 
sible occlusion of an amorphous boron ox- 
ide phase for the present modification. 
Experimental data from X-ray diffraction 
(23, 39) and MAS NMR (24) confirm the 
suggestion of boron incorporation in the 
zeolitic lattice. The distinct NMR signal at 
ca. -3 ppm, which characterizes tetrahe- 
dral boron (16), is revealed for all the sam- 
ples exhibiting boron intensity correlating 
with the zeolite boron content. Other sig- 
nals indicative of other boron phases are 
not detected. In addition to the good crys- 
tallinity indicated by the IR A&A450 band 
absorbance ratio and intense X-ray pat- 
terns, evidence of boron incorporation can 
be established by such techniques only with 
difficulty, due to the canceling effect of alu- 
minum on the unit cell parameters, which 
may be effected by the larger Al atom. 

(ii) Toluene disproportionation. Because 
of its mechanism involving bimolecular in- 
termediates (27), toluene disproportion- 
ation was employed to probe possible shape 
selectivity modification with boron. The 
data of disproportionation (Fig. 6) for sam- 
ples activated at 673 K (WHSV = 0.5 h-i at 
673 K) reveal almost stable activity on 
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FIG. 6. Activity and decay with time on stream for toluene disproportionation (WHSV of 0.5 h-i : 
673 K) for samples pretreated under Nz at 673 K for 14 h. 

stream for H-ZSMO-5; however, the life- 
time of the catalyst is shorter than that for 
alkylation (Fig. 5). Zeolite deactivation in- 
creases in an order following the rise in the 
B/Al (Table 2) ratio. Boron functions (side 
by side) with the lowered H~I population in 
decreasing disproportionation activity, 
which is at variance with alkylation having 
no role for boron. This could suggest a role 
for boron in modifying the interior section 
of the zeolite, which could find supporting 
evidence from sorption data (see Fig. 1 and 
Table 2). Table 6 reports the data regarding 
shape selectivity. As expected, toluene dis- 
proportionation yields equal proportions of 
benzene and xylene, the latter dominated 
by the m-isomer. As revealed by alkylation 

for H-ZSM3-5, p-xylene forms in e: 
tionally high proportion (Table 6) for 
sample, and to a lesser extent for H-Z 
5. Modified shape selectivity can main 
a consequence of crystal size (39) ant 
lesser extent a boron effect. The concll 
that boron represents not only a weak 
site but also a constraint in the interiol 
of the zeolite so that it retards cataly! 
the processes involving bulky inter1 
ates can be drawn. 

CONCLUSION 

Against expectations based on the 
fundamental chemistry of the elem 
which favors boron over aluminum 
more active element, the results of incc 

TABLE 6 

Toluene Disproportionation, Mole Percent Product Distribution at 1 h 

Mel% 

Benzene 
Xylenes 
o-Xylene 
m-Xylene 
p-Xylene 
C, 

H-ZSMo-5 H-ZSM,-5 

45.4 43.0 
54.2 56.0 
22.0 24.0 
65.0 62.0 
13.0 14.0 
0.4 1.0 

Zeolite 

H-ZSMr-5 

49.0 
50.4 
23.0 
63.0 
14.0 
0.6 

H-ZSMr-5 H-Z 

47.1 4 
52.3 41 
16.8 11 
42.6 5 
40.6 21 
0.6 
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rating boron into the zeolite structure re- 
veal clearly lower activity. For instance, 
boron in BF3 is a stronger Lewis acid than 
aluminum for A1F3. This basic rule is not 
further applied to oxides, particularly those 
of zeolitic nature. While alumina is known 
as a solid of strong Lewis acidity, boria is 
not useful in that respect. Moreover, alumi- 
nosilicates exhibit surfaces of strong 
Bronsted and Lewis acidities, which is at 
variance with borosilicates having no 
considerable acidity. This fact is further ex- 
plicit in the present investigation. Such un- 
usual low acidity associated with boron in 
oxides contributes to low catalytic activity 
and short lifetime. Over these disadvan- 
tages zeolite shape selectivity is not really 
modified by boron incorporation in the 
zeolitic structure. This is probably due to 
the presence of aluminum, which exerts an 
opposite effect on the unit cell parameters. 
Unit cell shrinkage effected by boron might 
be canceled by the larger atom, aluminum. 
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