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ABSTRACT: A facile quantitative determination of the Si/Al ratio (SAR) in zeolite frameworks using IR spectroscopy is re- ported. From the
linear regression analysis, the SAR for the medium-to-high Al content zeolites (1 < SAR < 5) correlates linearly to the corresponding intensity
of the IR band at wavenumbers (950-1090 cm™"). This model has been validated with 19 zeolites with different SAR and different framework
topologies (EDI, ABW, EMT, MER, LTL, LTJ, MOR, FAU, SOD, HEU, BRE, OFF, GIS, *BEA, MFI). The quantitative determination of the SAR of
zeolites by IR spectroscopy is shown to be an alternative technique to the conventional ICP-OES and XRF spectroscopy techniques.

1. Introduction

Zeolites are very important and useful industrial materials used in adsorption, separation and catalysis due to their various micropore
sizes and unique framework properties [ 1-3. Besides the structural proper- ties, the Al content in the framework or so-called Si/Al ratio
(SAR) is of great importance and governs their applications [4,5].

In general, the most common analytical techniques for the identifi- cation of Al content in zeolites are X-ray fluorescence
spectroscopy (XRF), atomic absorption spectroscopy (AAS), inductively coupled plasma atomic emission spectroscopy (ICP-OES),
X-ray diffraction (XRD) and solid state  Si nuclear magnetic resonance spectroscopy ( Si NMR). However, these analytical tools
face some limitations particularly in sample preparation workout, measurement time dura- tion, post-analytical interpretation
treatment, etc. (Table 1). Therefore, the development of fast, simple and reliable method for quantitatively determining the SAR in the
zeolite framework is highly desired.

Fourier-transform infrared spectroscopy (IR) is often used to study zeolites with emphasis on the functional groups, structural
features, secondary building units (SBUs), pore openings and surface particular- ities. In the mid IR region (200 -1300 cm ), the
vibrations associated with the framework structure are presented. In past few decades, several reports dealing with the use of IR
spectroscopy for evaluation of zeolite particularities were published. The pioneer and iconic work was re- ported by Flanigen et al.
[6]. Other studies presenting detailed and systematic spectroscopy studies on various aluminosilicate zeolites were also published [7-9.
They found out that the positions of certain IR bands at 970-1020 cm™, 670-725 cm™, 565-580 cm' and 360-385 cm™ have a
linearity with the Al content in faujasite type zeolites [ 7]. Since then, Lohse et al. reported on the use of the IR band at 748-837 cm™ to
calculate the SAR of cubic and hexagonal faujasite zeolites [ §]. However, the validity of IR spectroscopy method for identifying the SAR is
only limited to faujasites. Hence, the development of theoretical cal- culations using IR spectroscopy to determine the SAR in various
zeolite frameworks is still not yet developed and remains unclear.

In this communication, we present the IR spectroscopy protocol to- wards the determination of the SAR of zeolites; this protocol
was developed based on 19 =zeolites subjected to comprehensive characterization with the classical chemical analyses (ICP
and XRF) and NMR spectroscopy technique.
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Table 1
Advantages (V') and disadvantages ( x ) of various spectroscopy techniques used for determination of the
SAR of zeolites.

ICP- AAS XRF XRD IR 2gj

OES NMR
Sample recovery x x v v v v
Fast analysis x x x x v x
Small sample quantity v v x x v x
required
Simple sample preparation x x v v v v
Post-treatment requirement x X x v x v

2. Experimental

2.1. Analytical procedures

19 types of zeolites with various framework topologies and SAR ratios were selected and synthesized according to the procedures
reported previously [ 10 - 29 (See Supplementary Information). The FTIR spectra of the zeolites were recorded with a Perkin Elmer’s
System 2000 IR spectrometer (1400-400 cm-', resolution of 2 cm-!, 100 scans) using the KBr pellet technique. The chemical composition
of samples was determined using a Varian Vista MPX ICP-OES and XGT-5200 XRF spectrometers. For ICP-OES spectroscopy
analysis, the zeolite powder (0.0005 g) was first dissolved in HF solution (2 mL, 39%, Merck) for at least 12 h under stirring before
dilution and filtration using 0.45-pm microfilter. Boric acid was added to minimize fluoride interferences during measurement. For
Si MAS NMR spectroscopy measurement, the analysis was performed with a Bruker Avance |l 300 MHz spectrometer according to
the procedure reported previously [26] and the Si/Al ratio was calculated using the Engelhard’s equation [27]:
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Fig. 1. (A) IR spectra of (a) Na-ZSM-5 (SAR = 13.5), (b) Na-Beta (SAR = 15.1), (c) Na-mordenite (SAR = 4.93), (d) Na-EMC-2 (SAR = 3.76), (e)
K-L (SAR = 3.20) and (f) Na-X (SAR = 1.16) zeolites, and (B) the linear regression analysis of the SAR versus the position of asymmetric
stretching Si-O-T(T = Si or Al) bands at 950-1090 cm-".
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Fig. 2. (A) 2°Si MAS NMR spectra of (a) Na-ZSM-5, (b) Na-Beta, (c) Na-mordenite, (d) Na-EMC-2, (e) K-L and (f) Na-X zeolites, and (B) the
linear regression correlation of the SAR estimated by IR spectroscopy and 2°Si MAS NMR spectroscopy.

Table 2
The positions corresponding asymmetric stretching Si -OT (T = Si or Al) bands at 950-1090 cm™" (x) used for estimation of the SAR of zeolites
(y) using linear regression equation: y = 0.0458x -43.584, and the SAR values determined by ICP-OES and XRF spectroscopy.

No. Zeolites Framework code ~ Wavenumber Si/Al ratio
(em™)

IR? ICP-OES XRF
1. K-F EDI 973 0.98 1.26 1.02
2. Cs-ABW ABW 985 1.53 1.03 1.13
3. Na-EMT EMT 980 1.30 1.16 1.18
4. K-w MER 992 1.85 2.30 2.19
5. K-L LTL 1023 3.27 3.20 2.93
6. K-J LTJ 987 1.62 1.86 1.77
7. Na-Mordenite MOR 1059 4.92 4.93 4.88
8. Na-X FAU 977 1.16 1.16 1.18
9. Na-Y FAU 996 2.03 1.98 213
10. Na-EMC-2 EMT 1035 3.82 3.76 3.71
11. Hydroxysodalite SOD 983 1.44 1.10 1.14
12. Na-A LTA 952 0.02 1.04 0.98
13. Heulandite HEU 1026 3.41 3.50 3.48
14. Brewsterite BRE 1012 2.77 3.00 291
15. Na-LSX FAU 973 0.98 0.98 1.03
16. Offretite OFF 1037 3.91 3.89 3.76
17. Na-P GIS 983 1.44 1.35 1.44
18. Na-BEA *BEA 1083 6.02 15.1 15.0
19. Na-ZSM-5 MFI 1088 6.25 13.5 12.2

3. Results and discussion

Among the 19 spectra collected from different zeolites, the IR spectra of selected zeolites (Na-ZSM-5, Na-Beta, Na-mordenite, Na-EMC-
2, K-L and Na-X) with a broad range of SAR are shown in Fig. 1. As seen, each zeolite has a specific fingerprint associated with the secondary
building units of framework structures in the range of 400-820 cm™' [28]. The band at around 950-1090 cm™ is due to the asymmetric
stretching mode of Si -O-T(T = Sior Al) [29]. This band is very sensitive and shifts with a change of the SAR of zeolites (Fig. 1). In order to
prove that, the SAR of these samples are quantitatively measured with ICP-OES spectroscopy and the correlation between the SAR and
the position of this IR band (950 -1090 cm™") absorbed at the minimum transmittance is plotted (Fig. 1b). It can be seen that the SAR
values correlate linearly to the corresponding wavenumbers with an overall regression coefficient R = 0.9993. The correlation
dramatically fluctuates when the SARratio exceeds 5 because the shape of this IR band tends to deform when more Al atoms are substituted
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by Si atoms. As a result, the IR band is over- lapping with another IR band corresponding to T—O stretching mode at around 1100 cm™’
[30]. Thus, the linear equation of y = 0.0458x -43.584, where y is the SARand x is the asymmetric stretching frequency of the Si—O-T
band (in cm™), can be used to determine the SAR value in medium-to-high Al content zeolites (1 < SAR < 5).

The occurrence of IR band shifting at 950-1090 cm™ is associated to the vibration, length and angle of Si—O—T bond in zeolites
where different distribution of Si and Al atoms in the framework structures also affects the chemical environment of Si. Furthermore,
Si MAS NMR spectroscopy was used for validation of the above correlation. For the six samples (Na-ZSM-5, Na-Beta, Na-mordenite, Na-
EMC-2, K-L and Na-X), the distribution of Qn units are shown in the 2°Si MAS NMR spectra and the SAR values are calculated after
deconvolution of the spectra (Fig. 2a). Interestingly, the SAR values for the zeolites with the SAR less than 5 determined by IR and 2°Si
MAS NMR are relatively close, thus showing the good correlation among ICP-OES, IR and NMR spectroscopy methods (Fig. 2b).

It should be mentioned here that the IR and 2°Si NMR spectroscopies measure the SAR of zeolite frameworks. Hence, it is also
important to use other techniques, such as XRF and ICP-OES spectroscopies, that measure the total SAR of zeolites that includes
the extra-framework species (if present). Thus, the accuracy of IR spectroscopy method is exemplified in other types of zeolites
having SAR values containing medium-to-high Al content (1 < SAR < 5) and validated using conventional XRF and ICP-OES
spectroscopy techniques. As seenin Table 2, the values estimated using IR method are nearly close to those measured with XRF and ICP-
OES spectroscopy methods except the SAR value for zeolite A. The results in Table 2 are further applied and interpreted in the linear
regression analysis excluding zeolite A sample (Fig. 3). Interestingly, the correlation coefficient for IR spectroscopy against ICP- OES
spectroscopy methods (the most sensitive analytical tool) is found to be satisfactory (R values = 0.967) with considerably low scattering
of data points for SARin the range tested. On the other hand, the linear regression model between IR and XRF spectroscopy methods
works reasonably acceptable with R values = 0.975. Hence, this study presents a fast and simple technique complementary to the
conventional ICP-OES, XRF and 2°Si MAS NMR spectroscopy for determination of the SAR ratio in zeolites.
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Fig. 3. IR regression linearity assessment of SAR validated by (a) ICP-OES and (b) XRF spectroscopy techniques for 16 types of zeolite (K -F,
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