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NOTES

Determination of Structural Boron in Borosilicate Molecular Sieves
via X-Ray Diffraction

Substitution of silicon in crystalline mo-
lecular sieve structures by various hetero-
atoms has been a topic of interest for sev-
eral decades. Attempts to substitute boron
for silicon were reported to be unsuccessful
(1) until Klotz (2) synthesized the crystal-
line borosilicate molecular sieve AMS-1B
in 1976. This was the first of a new class of
compounds that are interesting because
they offer the combination of shape selec-
tivity along with acid-base properties dif-
ferent from those exhibited by (aluminosili-
cate) zeolites and other known molecular
sieves. These materials could, therefore,
exhibit useful and unique activity, selectiv-
ity, and stability properties.

Based on studies of alloys (3), substitu-
tion of a heteroatom into a tetrahedral site
of a crystalline silica structure might occur
if the Si-O and heteroatom—oxygen bond
distances differ by <10%. Since a Si-O
bond distance is 1.61 A (4, 5), substitution
by both Al and B atoms should be permissi-
ble [bond distances of 1.74 A (5, 6) and 1.47
A G, 7, 8), respectively]. Incorporation of
Al would result in lattice expansion,
whereas substitution by boron would result
in a contraction of the lattice.

Precise determination of unit cell dimen-
sions by X-ray diffraction is an accepted
technique for characterizing molecular
sieves having similar framework topology
but varying composition (9, 10). Studies on
faujasites are the classic examples of this
technique. The cubic unit cell parameter
decreases from 25.02 to 24.19 A as the Al
content is successively reduced in zeolite
X, zeolite Y, and ultrastable Y.

X-Ray diffraction data indicate that sili-
calite, AMS-1B, and ZSM-5 are members
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of the pentasil family of molecular sieves.
The heteroatom content of these materials
is low enough that application of conven-
tional techniques of elemental analysis is
time consuming. More importantly, careful
application of the X-ray diffraction tech-
nique provides an accurate, precise, and
convenient method for determining the
framework heteroatom content of crystal-
line pentasil molecular sieves.

EXPERIMENTAL

Crystalline aluminosilicate molecular
sieves with aluminum contents of 1.26—4.47
wt% were prepared according to Ref. (11).
Crystalline borosilicate molecular sieves
with boron contents of ~0-1 wt% were pre-
pared according to Ref. (2). Boron and alu-
minum contents were determined by wet
chemical and atomic absorption methods.
All samples were exchanged with ammo-
nium acetate, and then calcined to yield the
H form. In Naperville, each sample was al-
lowed to equilibrate for at least 16 hr in an
ambient atmosphere of 60% RH (controlled
laboratory air). Equilibration at 35% RH
(saturated CaCl, solution) led to equivalent
results. The reproducibility of the diffrac-
tion results is much higher when hydrated
samples are used. An internal standard of
a-Al,03 was used. X-Ray diffraction mea-
surements were made using a Philips Elec-
tronics diffractometer. A curved graphite
crystal monochromator was used with a
high-intensity fine-focus copper X-ray
source. Scans of 45° < 28 < 53° were made
at 0.25°/min with a time constant of 10 sec.
The empirical parameter 31, the sum of the
d spacings of the four reflections 1000/491,
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TABLE 1

Chemical and Crystallographic Data for Molecular Sieve Samples

Sample B B/unit Al Al/unit a b c V(o) p

(Wt%) cell (Wt%) cell A) A A) (A% (A)
125 0.64 3.4 —a — ND# ND ND ND 7.8197
127 0.61 3.2 — — 19.968  19.785  13.324  5264(14)  7.8217
126 0.55 2.9 — —_ 19.982  19.796  13.321  5269(11)  7.8259
116 0.54 2.9 — — 19.982  19.792  13.325  5270(13)  7.8284
66 0.49 2.6 - — 19.974  19.811 13.330  5275(19)  7.8297
128 0.46 2.5 — — 20.004  19.825  13.333  5287(15)  7.8364
27 0.32 1.7 — — 20.038  19.845  13.350  5309(16)  7.8392
117 0.32 1.7 — — 20.038  19.846  13.338  5304(16)  7.8416
11 0.01 0.1 — — 20.034 19917  13.396  5345(15)  7.8606
40 ND — 1.26 2.7 20.095  19.902  13.415  5365(12)  7.8649
81 ND — 1.88 4.0 20.108 19913  13.410  5369(13)  7.8696
82 ND — 2.47 5.3 20.110  19.907  13.420  5373(18)  7.8742
83 ND — 3.65 7.8 20.121 19.934  13.456  5397(14)  7.8770
84 ND — 4.47 9.4 ND ND ND ND 7.8796

< The aluminum contents of the borosilicate samples
purposes of this work.
4 Not determined.

0100/184, 436, and 933, was defined and cal-
culated for each sample.

In Leuven, the H forms were reex-
changed with ammonium acetate and al-
lowed to equilibrate for at least 16 hr in an
ambient atmosphere of 70% RH (saturated
NH,CI solution). An internal standard of
KCl was used. The NH, forms are prefera-
ble if KCl is used as the internal standard,
to avoid the effects of solid-state ion ex-
change on the unit cell dimensions. X-ray
measurements were performed on a com-
puter-controlled Seifert-Scintag diffrac-
tometer, equipped with a position-sensitive
proportional detector (12). The X-ray pat-
tern was recorded between 5 and 55° 26.

The patterns were indexed by compari-
son to a simulated powder pattern, gener-
ated by the POWD program (13), using the
single-crystal data of Olson et al. (14). For
each sample, the orthorhombic unit cell pa-
rameters were determined by a least
squares procedure. Two groups of intense
peaks, 20° < 26 < 35° and 45° < 260 < 50°,
were used for the calculations of unit cell
parameters. Calculations were made using
all the peaks. In a second calculation, only

vary from 10 to 380 ppmw, values negligible for the

the low-angle set was used. The average
standard deviation of the unit cell volume
calculated using the full set was 15 A3,
while that calculated using the low-angle
peaks was 19 A3, The low-angle peaks yield
results nearly as precise as those obtained
using the whole set of peaks.

DISCUSSION

The heteroatom content, unit cell param-
eters, and 2y for the borosilicate, alumino-
silicate, and silica molecular sieves are pre-
sented in Table 1. A formula weight of 5768
(SiggO192) cell was used in the calculation of
heteroatom contents. Variations of the unit
cell volume (UCV) and the individual cell
parameters as a function of the boron con-
tent of the NH,AMS-1B samples are illus-
trated in Fig. 1. As the boron content in-
creases, the unit cell volume decreases, and
the contraction is approximately isotropic
(15). We believe that the deviation of the a
and ¢ parameters of sample 11 from the
trend lines indicates a lowering of the crys-
tal symmetry to monoclinic at low boron
concentrations. An isotropic expansion is
observed in the aluminosilicate samples.
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FiG. 1. Variation of (a) unit cell volume (UCV) and
(b) individual cell parameters as a function of the bo-
ron content of NH,AMS-1B samples.

With the use of linear regression, the fol-
lowing equation relating UCV to structural
boron content is obtained:

UCV(A3 = 5350 — 27.11 B/unit cell

The correlation coefficient from this rela-
tionship is 0.998 when both groups of peaks
are used. Using only the low-angle peaks,
we obtained a correlation coefficient of
0.992.

Figure 2 illustrates the correlation be-
tween UCV and 2y. The unit-weighted
least-squares equation describing this rela-
tion is

UCV(A% = 23403 (&) — 13,045

The correlation coefficient is 0.992. Since
the magnitude of a general reciprocal lattice
vector should be highly correlated to UCV,
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FiG. 2. Correlation between UCV and Z1.

NOTES

this is not surprising. The relative standard
deviation of the UCV is approximately
0.3%. Since the standard deviation of the
measurement of a single d spacing in the
region 45-50° 20 is approximately 0.001 A,
the relative standard deviation of the sum
of four d spacings is approximately 0.1%.
We have found that this empirical parame-
ter is more convenient for routine analytical
work.

The least-squares equation relating boron
content to 21 for AMS-1B samples is

Sa(A) = 7.862 — 0.0121 B/unit cell.

The correlation coefficient for the relation-
ship is 0.983. The least-squares line relating
structural aluminum content to 31 for the
ZSM-5 samples is

Sa(A) = 7.861 + 0.0021 Al/unit cell.

The correlation coefficient is 0.955. The re-
producibility of an individual determination
of boron content by this method is 0.01
wt%. As little as 0.04% B can be deter-
mined at the 99% confidence level. The pre-
cision of an individual determination of alu-
minum content is somewhat lower, but
0.5% Al is detectable easily.

Figure 3 illustrates the variation of 2 as
a function of heteroatom content for both
AMS-1B and ZSM-5. The pentasil silicalite
structure seems to be more sensitive to the
presence of boron than to the presence of
aluminum. The observed changes are close
to those calculated using a simple weighting
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F1G. 3 Variation of 3 as a function of heteroatom
content for both AMS-1B and ZSM-5.
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of bond distances. Since heteroatom substi-
tution may alter not only bond distances but
also bond angles and the orientation of sec-
ondary building units, the significance of
such a simple calculation is uncertain.

In all of these studies a broadening of the
X-ray diffraction peak profiles was noted as
heteroatom content increased. We believe
that this reflects the shifts of the individual
components of the complex lines, as well as
concentration gradients within individual
crystallites, in addition to actual variations
in the crystallite size.

CONCLUSIONS

Careful X-ray diffraction monitoring is a
useful procedure for determining the frame-
work Al or B content of molecular sieves.
Either the unit cell volume or an empirical
sum of four d spacings of high-angle reflec-
tions can be used. Framework heteroatom
content is an important quantity not ob-
tained with confidence by typical chemical
analysis. As little as 0.04 wt% B can be
determined at the 99% confidence level.
The method is less sensitive to Al incorpo-
ration, but 0.5 wt% Al is quantifiable easily.
Incorporation of B into the silicalite struc-
ture results in a contraction of the unit cell,
while Al incorporation expands the struc-
ture. Substitution of other metals such as Fe
or Cr can also be followed by the procedure
of this paper, but the peak shifts are
smaller, and more care is required to make
precise measurements.
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