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S.1.  Correlation of zeolite characterisation results

To assess if the BET surface area or crystal size of H-ZSM-5 were Al dependent both 

characterisation parameters were plotted over the total Al concentration shown in Figure S1. 

The BET surface area, Figure S1 (left), of the investigated H-ZSM-5 zeolites does not seem 

to follow a trend associated with the total Al content. Increasing1 and decreasing2 trends have 

been reported. However, in this study the Al concentration is suggested to not have a 

significant influence on the BET surface area. The H-ZSM-5 crystal size obtained by SEM 

characterisation experiments, Figure S1 (right), does not seem to vary with the total Al 

content either.
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Figure S1. Zeolite characterisation results for (left) BET surface area from argon sorption isotherms and (right) 
crystal diameters obtain from SEM characterisation over total Al concentration per unit cell for H-ZSM-5 with 
different SAR (300, 80, 50, 30 and 23 from left to right). Error bars for BET values were estimated with 2%. 
Crystal size error bars were calculated based on the standard deviation of a crystal count of 30.
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S.2.  SEM characterisation

SEM experiments were carried out to investigate typical structural characteristics such as the 

morphology and crystal size of the H-ZSM-5 samples with varying SAR. The SEM images 

are shown in Figure S3. Morphological differences can be observed. H-ZSM-5 (23) and H-

ZSM-5 (80) consist of clusters formed of cubic structures. However, H-ZSM-5 (80) appears 

to be more agglomerated than H-ZSM-5 (23). H-ZSM-5 (30) and H-ZSM-5 (50) are 

agglomerates formed of very fine particles. In contrast to the other four H-ZSM-5 samples H-

ZSM-5 (300) has approximately spherical structures that do not seem to be agglomerated. 

Some additional structures can be identified at higher magnifications.

Values for the average diameter of H-ZSM-5 crystals were obtained from the agglomerated 

structures observed in Figure S3 rather than on individual crystals as a significantly better 

correlation was obtained for the former with the BET surface areas as shown in Figure S2. To 

confirm that the BET surface area and SEM crystal size results are reasonable those two were 

correlated. Independently of the total Al content the BET surface area should decrease for 

increasing crystal diameters,1,3,4 which is the case as shown in Figure S2.

Figure S2. BET surface area from argon sorption isotherms over crystal diameters for H-ZSM-5 zeolites with 
varying SAR. Solid line serves as guide to the eye and is fit of the data to the equation y = a x-1 + b, where a and 
b are fitting coefficients, x the crystal diameter and y the BET surface area.
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Figure S3. SEM images of H-ZSM-5 crystals with varying SAR.
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S.3.  Elemental analysis

H-ZSM-5 zeolite samples were exchanged with sodium and characterised by elemental 

analysis (ICP-MS) together with the proton form. Complete exchange of the sodium cations 

(Na+) with the Brønsted protons (H+) was verified by IR experiments confirming the absence 

of the Brønsted peak at ~3610 cm-1. From this procedure, the different Al species in the H-

ZSM-5 zeolites were calculated.5 In more detail, during the Na+ exchange of the H+ form, any 

cationic species might be expected to exchange with Na+. Thus, if there are cationic EF-Al 

species, Figure S4 (b), sitting where there would otherwise be H+, Figure S4 (a), these species 

may also exchange with a Na+ ion, Figure S4 (c).

Figure S4. (a) Framework Al atoms compensated in their negative charge by hydroxyl protons, framework Al 
atoms in the vicinity of (b) cationic extra-framework Al atoms and (c) extra-framework sodium cations. 
Adopted from Jiao et al.6

There could also be neutral EF-Al species present, such as an amorphous alumina (Al2O3) 

phase. These are insoluble and will not exchange with Na+. They will instead remain in the 

sample, but associated Al atoms will not exchange a Na atom because the Al atoms are not 

associated with an exchangeable cation. In general, the amount of Al in the Na+ form will be 

less than or equal to the amount of Al in the H+ form. 

The difference of Al concentration in the proton form, [Al]H-form, and sodium form, [Al]Na-form, 

respectively, is equal to the amount of Al that was removed during the exchange, presumably 

in a cationic form:

[𝑐𝑎𝑡𝑖𝑜𝑛𝑖𝑐 𝐸𝐹 ‒ 𝐴𝑙] = [𝐴𝑙]𝐻 ‒ 𝑓𝑜𝑟𝑚 ‒  [𝐴𝑙]𝑁𝑎 ‒ 𝑓𝑜𝑟𝑚 (1)

The difference between the Al and Na content in the sodium form, [Al]Na-form and [Na]Na-form, 

respectively, gives the amount of Al that was not exchanged by Na+, hence, neutral or Al2O3-

like species:

[𝑛𝑒𝑢𝑡𝑟𝑎𝑙 𝐸𝐹 ‒ 𝐴𝑙] = [𝐴𝑙]𝑁𝑎 ‒ 𝑓𝑜𝑟𝑚 ‒  [𝑁𝑎]𝑁𝑎 ‒ 𝑓𝑜𝑟𝑚 (2)

Finally, the concentration of Brønsted Al can be calculated using the following equation:5
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[𝐻 + ]𝐻 ‒ 𝑓𝑜𝑟𝑚 = [𝑡𝑜𝑡𝑎𝑙 𝐴𝑙]𝐻 ‒ 𝑓𝑜𝑟𝑚 ‒ [𝑛𝑒𝑢𝑡𝑟𝑎𝑙 𝐸𝐹 ‒ 𝐴𝑙] ‒ 2[𝑐𝑎𝑡𝑖𝑜𝑛𝑖𝑐 𝐸𝐹 ‒ 𝐴𝑙] (3)

In Equation (3) [H+]H-form is the Brønsted Al concentration and [total Al]H-form the total Al 

concentration in the proton form, respectively. The amount of cationic EF-Al must be 

subtracted twice because it constitutes an Al atom that is not connected to Brønsted acidity 

and additionally it poisons a F-Al atom that would normally be associated with a proton. The 

results of the procedure outlined above are summarised in Table S1.

For comparison, the total Al concentration calculated from the SAR supplied by Alfa Aesar is 

reported in Table S1 as well. Within the experimental uncertainty, the results for the total Al 

concentration are in excellent agreement for H-ZSM-5 with SAR values of 23, 80 and 300 

and only show a small deviation, that is lower concentration, for H-ZSM-5 with SAR values 

of 30 and 50.

Table S1. Concentration of total Al calculated from SAR supplied by Alfa Aesar for the NH4
+ form of ZSM-5 

and concentration of total Al, Brønsted Al, EF-Al, cationic EF-Al and neutral EF-Al per unit cell (u.c.) for H-
ZSM-5 obtained by elemental analysis of the proton form and sodium form of ZSM-5 with SAR values of 23, 
30, 50, 80 and 300, respectively.

SARa Altotal
b Altotal

c AlBrønsted-Al
c AlEF-Al

c AlEF-Al,cationic
a AlEF-Al,neutral

a

23 7.7 7.5 ± 0.2 6.2 ± 0.6 1.1 ± 0.3 0.2 ± 0.3 0.9 ± 0.1
30 6.0 5.5 ± 0.2 4.3 ± 0.5 1.3 ± 0.2 0 1.3 ± 0.1
50 3.7 3.2 ± 0.1 2.4 ± 0.3 0.7 ± 0.1 0 0.7 ± 0
80 2.3 2.3 ± 0.1 2.0 ± 0.2 0.3 ± 0.1 0 0.2 ± 0
300 0.6 0.6 ± 0 0.5 ± 0.1 0.1 ± 0 0 0.1 ± 0

a supplied by Alfa Aesar for the NH4
+ form of ZSM-5

b calculated from SAR supplied by Alfa Aesar 
c measured by ICP-MS in Al atoms per unit cell (u.c.)
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S.4.  Quantitative analysis of DRIFTS spectra

The purpose of this section is to determine what conversion function for DRIFTS spectra, 

absorbance or Kubelka-Munk7 (KM) function, respectively, gives a linear correlation 

between DRIFTS signal and the concentration of the surface hydroxyl groups such as 

Brønsted or terminal silanol acid sites.

Diffuse-reflectance IR spectroscopy has several advantages over the very commonly used 

transmission IR spectroscopy such as simple sample preparation and better applicability for 

in-situ characterisation at high temperatures and pressures. The biggest disadvantage of 

diffuse-reflectance IR spectroscopy is that experiments are frequently limited to semi-

quantitative analyses. However, quantitative IR data analysis is required when the surface 

concentration and its trend are to be probed. In the best-case scenario, the IR intensity of 

DRIFTS data is proportional to the concentration of the adsorbed probe molecule. To obtain 

IR band intensities that are linear to the surface concentration of adsorbed species the KM 

function is frequently applied to the diffuse-reflectance IR data yielding a linear8 calibration 

curve: 

𝐾𝑀 = 𝑓(𝑅∞) =
(1 ‒ 𝑅∞)2

2𝑅∞
=

𝑘
𝑠

(S4)

The absolute reflectance (R∞) of the scattered radiation is related to the sample absorption 

coefficient (k) and the scattering coefficient (s) by the KM function. R∞ is defined by the 

scattered intensity divided by the incident radiation and is a function of the wavenumber. The 

incident radiation is normally not known. Thus, a typical DRIFTS experiment consists of first 

probing the reflectance I∞(reference) over highly scattering and poorly absorbing particles as 

a reference (e.g., KBr powder). After, the reflectance of the sample of interest itself 

I∞(sample) is determined. The following ratio is then taken as an estimate for the absolute 

reflectance (R∞):   

𝑅∞ ≈
𝐼∞(𝑠𝑎𝑚𝑝𝑙𝑒)

𝐼∞(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)
(S5)

However, transforming the acquired DRIFTS data using the KM function curved9–11 or 

broken-line shape12 calibration curves have been reported as well. For strongly absorbing 

materials it has been suggested10 that the best approximation for the calibration curve can be 

obtained by calculating the absorbance defined as
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𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = 𝑙𝑜𝑔( 1
𝑅∞

) (S6)

in which R∞ is the absolute reflectance as defined earlier used in the KM function in (S4). 

This approach is in analogy to the absorbance measured in transmission mode given by log 

(1/T), where T stands for transmission. Both functions, absorbance and KM, are frequently 

used to linearise the diffuse-reflectance IR intensities. The reasoning for selecting either one 

is normally not discussed. This is often the case as it is difficult to measure the amount of 

probe molecule uptake and the diffuse-reflectance IR intensities simultaneously.

To confirm that the DRIFTS setup gives a linear correlation between IR intensities and the 

concentration of surface hydroxyls, the absorbance, equation (S6), and KM function, 

equation (S4), were used to transform the acquired raw diffuse-reflectance IR data to 

absorbance and KM spectra, respectively. The Brønsted peak in the O-H stretching region 

was then integrated for both conversion functions and all five SARs of H-ZSM-5, 

respectively. All Brønsted peak areas were normalised by the peak areas of the framework 

vibrations between 1750 and 2100 cm-1. The concentration of Brønsted Al atoms was 

independently determined by elemental analysis of the H-form and Na-form of the same 

ZSM-5 zeolites. To test the linear correlation between DRIFTS signal and surface hydroxyl 

concentration the integrated and normalised Brønsted absorbance and KM areas were then 

plotted over the Brønsted Al concentration obtained by elemental analysis, depicted in Figure 

S5. 

The absorbance function illustrated in Figure S5 (left) shows a good agreement between the 

integrated Brønsted peak area and the Brønsted Al concentration determined by elemental 

analysis characterisation. Within the experimental error the integrated Brønsted peak area 

increases linearly with the Brønsted Al concentration. This suggests that the absorbance 

function is suitable to quantitatively probe the number Brønsted hydroxyl groups in the O-H 

stretching region and thus likely also the number of terminal silanol sites. However, an 

independent measurement of the latter was not available. The fitting gives a molar extinction 

coefficient (ε) of (2.12 ± 0.10) × 10-4 cm μmol-1, which can be used to calculate the Brønsted 

Al concentration and its change as a first approximation.

The results for the integrated Brønsted peak area using the KM function plotted over the 

Brønsted Al concentration determined from elemental analysis is depicted in Figure S5 

(right). The correlation is significantly worse and particularly the data point for H-ZSM-5 

(23) is too high compared to the other four data points. Hence, the KM function does not 

seem to be a good choice to quantitatively probe the number of Brønsted hydroxyl groups. In 
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conclusion, the results obtained for the absorbance and KM calibration curves suggest that 

absorbance function is the better choice to interpret the diffuse-reflectance IR data 

quantitatively.

Figure S5. Framework vibration normalised areas of activated Brønsted IR peak (~3610 cm-1) for (left) 
absorbance function and (right) KM function over Brønsted Al concentration obtained by elemental analysis of 
H-form and Na-form of ZSM-5 with different SAR (300, 80, 50, 30 and 23 from left to right) at 300 K. Straight 
line represents fit to linear equation.

Some IR studies have reported that diffuse-reflectance experiments are strongly affected by 

particle size and packing density of the sample bed leading to significant errors due to 

experimental results not being reproducible.8,13 However, the results presented in Figure S5 

(left) show that the errors for the Brønsted IR peaks exhibit a maximum value of 5% 

determined by repeating the experiments three times. Hence, the normalisation by the area of 

the framework vibrations seems to consider the different sample weights. Furthermore, the 

particle size of the H-ZSM-5 samples ranges from 1.18 to 4.10 μm suggesting that the 

particle size does not significantly affect the results.

In summary, it has been shown that the absorbance function performs better in giving a linear 

DRIFTS signal intensity for the Brønsted hydroxyls in the O-H stretching region.
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S.5.  Statistical data

The Table S2 reports the data plotted in Figure 4 in the paper, that is, the variation of the 

normalised Brønsted peak area before probe molecule adsorption with total Al concentration.

Table S2. Mean value (x̄) and standard deviation (σ) of total Al concentration per unit cell obtained from 
elemental analysis and normalised area of activated Brønsted IR peak (~3610 cm-1), that is, before probe 
molecule adsorption, for SAR of 23, 30, 50, 80 and 300. 

SARa total Alb IR areac

x̄ σ x̄ σ
23 7.5 0.2 0.225 0.011
30 5.5 0.2 0.139 0.010
50 3.2 0.1 0.095 0.001
80 2.3 0.1 0.053 0.003
300 0.6 0 0.031 0.003

a supplied by Alfa Aesar for the NH4
+ form of ZSM-5

b total Al concentration measured by ICP-MS in Al atoms per unit 
cell (u.c.)
c normalised activated Brønsted IR peak (a.u. cm-1)

The Table S3 reports the data plotted in Figure 7 in the paper, that is, the variation of the 

normalised Brønsted peak area before collidine adsorption, after collidine adsorption and the 

difference between the two (area reduction ∆) with F-Al concentration.

Table S3. Mean value (x̄) and standard deviation (σ) of framework Al concentration per unit cell obtained from 
elemental analysis and normalised area of Brønsted peak prior to collidine adsorption, after collidine adsorption 
and the difference between the two, that is, the area reduction (∆), for SAR of 23, 30, 50, 80 and 300.

SARa F-Alb IR areaprior
c IR areaafter

d IR areaΔ
e

x̄ σ x̄ σ x̄ σ x̄ σ
23 6.4 0.4 0.225 0.011 0.245 0.012 0.059 0.003
30 4.3 0.3 0.139 0.010 0.144 0.007 0.057 0.003
50 2.4 0.2 0.095 0.001 0.061 0.003 0.038 0.002
80 2.0 0.1 0.053 0.003 0.039 0.002 0.019 0.001
300 0.5 0 0.031 0.003 0.015 0.001 0.011 0.001

a supplied by Alfa Aesar for the NH4
+ form of ZSM-5

b framework Al (F-Al) concentration measured by ICP-MS in Al atoms per unit cell (u.c.)
c normalised area of Brønsted IR peak (a.u. cm-1) prior to collidine adsorption
d normalised area of Brønsted IR peak (a.u. cm-1) after to collidine adsorption
e area reduction of Brønsted IR peak (a.u. cm-1)
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The Table S4 reports the data plotted in Figure 8 in the paper, that is, the variation of the 

percentage of Brønsted peak area accessible to collidine with F-Al concentration.

Table S4. Mean value (x̄) and standard deviation (σ) of framework Al concentration per unit cell obtained from 
elemental analysis and percentage of Brønsted peak area accessible to collidine for SAR of 23, 30, 50, 80 and 
300. 

SARa F-Alb accessible to collidinec

x̄ σ x̄ σ
23 6.4 0.4 19.1 0.4
30 4.3 0.3 27.6 0.6
50 2.4 0.2 34.3 1.7
80 2.0 0.1 30.4 1.3
300 0.5 0 34.6 6.8

a supplied by Alfa Aesar for the NH4
+ form of ZSM-5

b framework Al (F-Al) concentration measured by ICP-MS in Al 
atoms per unit cell (u.c.)
c percentage of Brønsted peak area accessible to collidine
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S.6.  Spectra in OH region after probe molecule adsorption

The IR spectra of H-ZSM-5 after probe molecule adsorption, that is, after pyridine or 

collidine adsorption, are depicted in the OH region from 3000 to 4000 cm-1 in Figure S6.

Figure S6. Normalised IR spectra of H-ZSM-5 with SAR values of 23, 30, 50, 80 and 300, respectively, for (a) 
pyridine and (b) collidine adsorption in the O-H stretching region (3000 to 4000 cm-1): (solid line) spectrum 
prior to probe molecule adsorption, (filled circles) spectrum after probe molecule adsorption. The y-axis 
(absorbance a.u.) in each plot has the same scale so spectra can directly be compared.
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S.7.  Adsorbed probe molecule IR spectra

The IR spectra of the adsorbed probe molecules pyridine and collidine are illustrated in the 

following plots Figure S7 and Figure S8, respectively.

Figure S7 illustrates the framework vibration normalised IR spectra of H-ZSM-5 upon 

pyridine adsorption between 1400 and 1700 cm-1. The peak at ~1445 cm-1, commonly 

assigned to pyridine interacting with Lewis acid sites,14,15 can be observed in all five H-ZSM-

5 zeolites. Another peak or shoulder, depending on the SAR, can be observed at ~1440 cm-1 

suggesting a slightly different type of Lewis acid site. Interestingly, a third peak can further 

be identified for all five investigated SARs at ~1454 cm-1. Hence, the pyridine adsorption 

results suggest the presence of two main types of Lewis acid sites. The first two peaks at 

~1440 and 1445 cm-1, respectively, have been assigned to weaker Lewis acid sites originating 

from EF-Al.16 The presence of EF-Al is frequently thought to give rise to Lewis acidity. 

However, not every EF-Al species acts as a Lewis acid site as neutral EF-Al can constitute 

amorphous alumina (Al2O3) phase.6 The third peak (~1454 cm-1) has been assigned to a 

stronger type of Lewis acid site believed to originate from electronic defaults in the F-Al.16,17 

The peak at ~1545 cm-1, commonly assigned to pyridine interacting with Brønsted acid 

sites,18 is most pronounced for H-ZSM-5 (23) and decreases with increasing SAR, that is, 

decreasing total Al content. The third indicated peak at ~1490 cm-1 represents both pyridine 

molecules interacting with Lewis and Brønsted acid sites.19

Figure S7. Framework vibration normalised IR spectra of pyridine adsorbed in H-ZSM-5 with a SAR of 23, 30, 
50, 80 and 300 (indicated in the plot) between 1400 and 1700 cm-1 at 300 K. The y-axis (absorbance) has 
arbitrary units. Lines indicate the peaks assigned to pyridine interacting with Lewis acid sites (solid line at 
~1445 cm-1), Lewis and Brønsted acid sites (dashed line at ~1490 cm-1) and Brønsted acid sites (dash-dot lines 
at ~1545 cm-1).
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Figure S8 illustrates the framework vibration normalised IR spectra of H-ZSM-5 upon 

collidine adsorption between 1575 to 1675 cm-1. The peak ~1633 cm-1 has been assigned and 

used to probe collidine interacting with Lewis acid sites.20,21 Collidine molecules interacting 

with Brønsted acid sites give rise to a peak at ~1636 cm-1 and additionally at ~1646 cm-1 both 

indicating the presence of collidinium ions, hence, collidine molecules protonated by 

Brønsted acid sites.20–22 Hence, the identification of the external Lewis acid sites using 

collidine as a base probe molecule can be problematic as the peaks are not well separated. 

Finally, two further peaks can be identified in Figure S8 at ~1575 and ~1617 cm-1, 

respectively, both indicating the interaction of collidine molecules with terminal silanol sites.

Figure S8. Framework vibration normalised IR spectra of collidine adsorbed in H-ZSM-5 with a SAR of 23, 30, 
50, 80 and 300 (indicated in the plot) between 1575 and 1675 cm-1 at 300 K. The y-axis (absorbance) has 
arbitrary units. Lines indicate the peaks assigned to collidine interacting with terminal silanol sites (dashed lines 
at ~1575 and ~1617 cm-1), Lewis acid sites (solid line at ~1633 cm-1) and Brønsted acid sites (dash-dot lines at 
~1636 and ~1646 cm-1).
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