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ent on number and location of
hydroxyl acid species in zeolites: a DRIFTS
quantitative protocol without the need for molar
extinction coefficients†

Pierre Bräuer,a Pey Ling Ng,a Olivia Situmorang,a Iain Hitchcockb

and Carmine D'Agostino *a

In this work, we have systematically investigated the effect of the Al content on the number and location of

bridging hydroxyls (Brønsted acid sites) and terminal hydroxyls (terminal silanol sites) in ZSM-5 zeolites with

varying silica-alumina ratio (SAR ¼ SiO2/Al2O3) using Diffuse Reflectance Infrared Fourier Transform

Spectroscopy (DRIFTS) without molar extinction coefficients. Two base probe molecules with different

kinetic diameters, pyridine (5.7 Å) and collidine (7.4 Å), were used. The total content of Brønsted acid

sites is obtained by elemental analysis of the proton form and sodium exchanged form of ZSM-5. To

quantify the number of internal and external Brønsted acid sites the change in area of the Brønsted acid

site peak in the O–H stretching region is then used; thus, the need for molar extinction coefficients to

quantify Brønsted acid sites is thereby eliminated. The results reported here show that for ZSM-5 the

number of external Brønsted sites, in absolute terms, increases with increasing total Al content, as

evidenced by collidine adsorption. The number of terminal silanol acid sites was found to be

proportional to the external surface area probed by argon sorption experiments. In summary, this work

shows that the use of DRIFTS in conjunction with elemental analysis is a valid alternative to qualitatively

and quantitatively probe the number and location of hydroxyl acid sites without the use of molar

extinction coefficients and gives a comprehensive picture of the effect of Al content on number and

location of hydroxyl acid species in ZSM-5 zeolites with varying SAR. The work contributes to advancing

the range of characterisation protocols for solid acid catalysts.
1. Introduction

Zeolites are crystalline aluminosilicates containing pores and
cavities of molecular dimensions. Porous on a molecular scale,
zeolites consist of regular arrays of channels and cavities (3–15
Å in diameter) that form a nanoscale labyrinth. Zeolites in their
acidic form play an important role in shape-selective heteroge-
neous catalysis.1,2 Considerable research has been dedicated
towards the characterisation of their surface acidity as the
various acid sites on the internal and external zeolite crystal
surface are the catalytically active sites in technologically rele-
vant processes such as uidised catalytic cracking (FCC) to
produce gasoline and liqueed petroleum gas (LPG).3 The
number and strength of acid sites in a zeolite is closely linked to
Biotechnology, University of Cambridge,

AS, UK. E-mail: cd419@cam.ac.uk; Tel:
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13
its catalytic properties with respect to activity, deactivation rate
and product selectivity.2,4 The location of acid sites is of equal
fundamental importance since internal acid sites catalyse size–
selective reactions5–7 and external acid sites catalyse non-size-
selective reactions8–10 or can lead to deactivation of a reaction
by coke formation.11 For example, external acidity is very
important in reactions involving molecular species with sizes
much larger than the zeolite's typical pore size.12

The ZSM-5 zeolite is a medium sized pore zeolite with
a three-dimensional channel network containing cavities
formed by intersections of straight and zigzag 10-membered
rings. The ZSM-5 zeolite structure is widely used as a catalyst in
the petrochemical industry due to its unique shape selectivity,
surface acidity and thermal stability.1,13 Therefore, under-
standing how the aluminium (Al) content in ZSM-5 affects not
only the number of catalytically important acid sites but also
their location is crucial to understand in order to rationalise,
correlate and nally predict their behaviour in solid acid cata-
lysed reactions.

Numerous experimental methods have been developed to
study the acidity of zeolites. Microcalorimetry,14–16 temperature-
This journal is © The Royal Society of Chemistry 2017
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programmed desorption (TPD),17,18 infrared (IR)19–27 and nuclear
magnetic resonance (NMR) spectroscopy17,28 are among other
experimental techniques some of the most frequently used
ones. A fundamental challenge of zeolite acidity character-
isation is that different experimental techniques provide
different aspects of the zeolite acidity, which includes type,
number, location and strength of acid sites.

To date, numerous studies have focused on characterising
the acidity in ZSM-5 using IR spectroscopy techniques.19–27 In
this regard, an excellent review about the characterisation of
surface hydroxyls using IR techniques has been written by
Hadjiivanov.29 However, to the best of our knowledge no study
has applied the DRIFTS technique to systematically investigate
the effect of Al concentration on the number and location of
Brønsted and terminal silanol acid sites exploiting the spectral
features in the O–H stretching region. Yet, from the extent of the
peak area reduction in the O–H stretching region upon probe
molecule adsorption, one can obtain valuable information
about the number of acid sites that are accessible to the probe
molecule. Furthermore, the shi of such vibrations due to the
interaction with probe molecules can provide additional
important information, in particular about the strength of the
interaction.21

Several IR studies7,30,31 have found that the number of
Brønsted acid sites in ZSM-5 increases linearly with increasing
total Al content by studying the Brønsted peak in the C]C
stretching region using pyridine. It is worthmentioning that the
C–C and C–N vibrational modes of pyridine can be used as well
to study protonic acidity. Furthermore, other probe molecules
used to investigate surface acidity using IR spectroscopy are
carbon monoxide (CO), nitrogen (N2) and ammonia (NH3)
detecting the vibrational modes of C^O triple bonds, N^N
triple bonds and N–H bonds, respectively. Studies combining IR
and solid-state 27Al NMR,32 TPD33 or thermal gravimetric anal-
ysis (TGA)16 established the same correlation between the total
Al content and the number of Brønsted acid sites.

The number of terminal silanol sites should correlate well
with the external surface area,34 which can be obtained by gas
sorption measurements, as terminal silanol hydroxyls are
usually located on the external surface of zeolite particles or at
framework defects.2

Investigating probe molecule accessibility of the ZSM-5 pore
network quantitatively is usually conducted by comparing IR
peaks that appear in the C]C stretching region. Molar extinc-
tion coefficients are then used to quantify the number of probe
molecules that can access all acid sites, such as pyridine, and
the number of probe molecules that can only access those acid
sites located on the external crystal surface or at the pore
mouth, such as collidine.

To distinguish the location of acid sites and, hence, the
accessibility of probe molecules, different experimental IR
procedures have been developed. Thibault-Starzyk et al.35 used
an accessibility index (ACI) dened as the ratio of the number of
acid sites detected by the probe molecule normalised by the
total number of acid sites. In this approach, the total number of
acid sites in the zeolite is obtained by measuring the Al content,
e.g. by elemental analysis. Mlekodaj et al.36 dened an
This journal is © The Royal Society of Chemistry 2017
accessibility factor (AF). The AF for collidine interacting with
Brønsted sites was dened by the number of collidine mole-
cules adsorbed to Brønsted sites (external surface and pore
mouth) divided by the total number probed by pyridine
adsorption. These denitions on accessibility have been re-
ported based on the analysis of IR peaks appearing in the C]C
stretching region upon probe molecule adsorption. However, to
the best of our knowledge, a similar approach based on the
change in the IR peak area in O–H stretching region has not
been reported yet.

A combination of pyridine and collidine as base probe
molecules has been previously used to study the accessibility of
acid sites, thus, their location, in ZSM-5.35–37 IR results35,36 for
ZSM-5 with silica-alumina ratio (SAR) values between 64 and
328 suggested that the total number of Brønsted acid sites
accessible to collidine, hence, located at the pore mouth or
external ZSM-5 crystal surface, increased with increasing total Al
content. However, the data reported in the literature are
somehow scarce and fragmentary and do not give a compre-
hensive picture.

As for terminal hydroxyl sites (terminal silanol sites), several
IR studies20–23,26,27 concluded that these sites are situated on the
external ZSM-5 crystal surface independently of the total Al
content and crystal size. However, only one study conducted by
Armaroli et al.23 investigated this as a function of the SAR (37–
137). Other studies did not probe the effect of the Al content in
detail.20–22,26,27

The objective of this work is to comprehensively study and
quantify the effect of the Al content on the number and location
of Brønsted acid sites and terminal silanol acid sites in ZSM-5
zeolites with varying SAR using diffuse reectance IR spectros-
copy. Base probe molecules with increasing kinetic diameters,
pyridine (5.7 Å) and collidine (7.4 Å), are used to investigate the
location dependence of Brønsted and terminal silanol acid
sites. Unlike most of previous studies reported on the subject,
the aim of this work is to explore the possibility to use changes
in IR peak areas in the O–H stretching region to elucidate the
location and quantify Brønsted and terminal silanol acid sites.
Using this approach, the use of molar extinction coefficients,
which are oen not available, is not required as there is no need
to investigate peaks appearing at lower wavenumbers in the
C]C stretching region.
2. Experimental
2.1 Materials and sample preparation

Pyridine (99%) was obtained from Alfa Aesar. Collidine (99%)
was obtained from Sigma Aldrich. All chemicals were used as
supplied.

Several ZSM-5 samples with various SAR (SiO2/Al2O3) values
of 23, 30, 50, 80 and 300 were purchased from Alfa Aesar in the
NH4

+ form. Zeolite samples were calcined in a furnace with
synthetic air (100 cm3 min�1, Air Liquide) at 773 K for 4 h to
convert from the NH4

+ to the H+ form, termed H-ZSM-5. Heating
and cooling were carried out at 5 K min�1. Samples are named
according to their SAR, as supplied by Alfa Aesar, and denoted
RSC Adv., 2017, 7, 52604–52613 | 52605
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as H-ZSM-5 (SAR). The surface area of these samples is in the
range 400–425 m2 g�1, as stated by Alfa Aesar.

The sodium (Na+) form of each SAR of H-ZSM-5 was prepared
by exchanging �2 g of the H+ form three times for 6 h with 1 M
aqueous NaNO3 at 353 K with a magnetic stirrer. At the end of
each Na+ exchange the solution was vacuum-ltered and
washed with deionised water three times. Aer the total of three
Na+ exchange treatments, the ltrate was heated in a furnace
with synthetic air (100 cm3 min�1, Air Liquide) to 393 K at 1
K min�1, held for 2 h, then further heated to 773 K with 2
K min�1, kept there for 4 h and nally cooled to room
temperature at 5 K min�1. The IR spectrum of each Na+ form
was examined to conrm the elimination of all Brønsted sites at
�3610 cm�1 during the Na+ exchange procedure.
2.2 Characterisation experiments

To characterise morphological, textural and elemental proper-
ties of the H-ZSM-5 zeolite samples, argon sorption, scanning
electron microscopy (SEM) and inductively coupled plasma
mass spectrometry (ICP-MS) experiments were conducted.

Argon sorption experiments were performed at 87 K by use of
a Micromeritics 3Flex apparatus. The sample was placed into
a pre-weighed Micromeritics gas sorption tube and a seal frit
was placed at the top. A Micromeritics patented isothermal
jacket was then placed around the sample tube. The sample
tube (with the sample) and the assembly was attached to the
ASAP 2020Micromeritics 3Flex and heat treated under vacuum
to remove any physisorbed species. The heat treatment involved
heating the sample to 363 K under a virtual vacuum (relative
pressure 1 � 10�5) to rst remove any physisorbed water. The
temperature was then increased to 523 K and the sample was
le for 12 hours.

Aer the heat treatment an argon gas sorption experiment
was performed. The gas sorption experiment was fully auto-
mated and the relative pressures studied were between 0.004–
1.00. At each pressure point the saturation pressure was calcu-
lated in a cell, which was adjacent to the sample. At the end of
the experiment the sample tube was weighed again to deter-
mine the mass of the dried sample.

The specic surface area values were calculated using the
Brunauer–Emmett–Teller (BET) equation for argon at 87 K
applying the method suggested by Rouquerol et al.,38 where
criteria were proposed to extract the specic surface area from
a well-dened single linear part of the BET plot. More details
can be found elsewhere.38 The specic external surface area
values of H-ZSM-5 zeolites were calculated using thickness
layers from an adapted Harkins–Jura equation reported for
argon sorption measurements at 87 K in MCM-41 solids39 to
obtain a qualitative trend that could be correlated with the
number of external terminal silanol acid sites.34

For SEM characterisation, the H-ZSM-5 samples were carbon
coated prior to analysis to provide a conductive layer for charge
dissipation. The sample powders were dusted directly onto SEM
stubs. The samples were then analysed using a Zeiss ultra 55
eld emission electron microscope equipped with in-lens
secondary electron and backscattered detectors. High-
52606 | RSC Adv., 2017, 7, 52604–52613
resolution low-accelerating voltage imaging was used. The
accelerating voltage was 1.6 kV, the aperture used between 20
and 30 mm and the working distance between 2 to 3 mm. The
detectors were in-lens secondary electron and in-lens back-
scattered electron detectors.

Values for the number-weighted average diameter of H-ZSM-
5 crystals were obtained from the agglomerated structures
observed in Fig. S3 (see ESI Material†) rather than on individual
crystals as a signicant better correlation was obtained for the
former with the BET surface areas as shown in Fig. S2 (see ESI
Material†). For each number-weighted average diameter 20
crystals were counted.

The amount of Al atoms present as framework Al (F-Al) and
extra-framework Al (EF-Al) were determined by means of
elemental analysis (ICP-MS). Two forms of the zeolite are neces-
sary to perform the calculations. The H+ form of the zeolite is
generated by calcination of the NH4

+ form of the zeolite as
described above. The Na+ form is generated by Na+ exchange of
the H+ form with NaNO3 and examination of the O–H stretching
region of the IR spectrum to verify complete exchange by the
absence of the Brønsted stretching peak (�3610 cm�1) as
described above as well. The difference in the Si/Al ratio between
the proton and the sodium form is an indicator of how much
cationic EF is present in the zeolite. Neutral EF-Al species will not
exchange with sodium cations. Furthermore, the Na/Al ratio in
the sodium sample should be one or less.

ICP-MS experiments with the proton and sodium form of the
ZSM-5 zeolites were performed by Johnson Matthey (Johnson
Matthey Technology Centre, Sonning Common). The SARs ob-
tained by elemental analysis were then converted to the total Al
concentration per unit cell (Al u.c.) using the chemical formula
of ZSM-5 (HnAlnSi96�nO192 � 16H2O) giving: Al u.c. ¼ 96/(1 +
SAR/2).
2.3 DRIFTS setup and experimental procedure

DRIFTS spectra were recorded on a Nicolet iS50 FT-IR spec-
trometer (Thermo Scientic) operating at a resolution of 4 cm�1

and typically averaging over 128 scans. Spectra were acquired in
the region ranging from 400 to 4000 cm�1 using a DTGS
detector. The high-temperature in situ DRIFTS cell with KBr
windows was situated in a diffuse reection accessory (Harrick
Scientic Products). A water bath (F6, HAAKE) in conjunction
with an electric heater (Series 988, Watlow) was used to control
the temperature in the DRIFTS cell. A gas inlet and outlet
directed the inert carrier gas stream into the DRIFTS cell and
through the KBr or zeolite powder bed. Probe molecules were
injected through an injection port, typically 1 mL per injection,
until IR peak intensities remained constant.

Background IR spectra for the DRIFTS cell were recorded
using KBr powder. For adsorption experiments calcined H-ZSM-
5 powder (�20 mg) without further preparation was placed in
the DRIFTS cell, no compression was applied, and supported on
quartz wool resulting in a sample thickness of �3 mm. The
reproducibility of the DRIFTS results and the effect of particle
size, packing density and sample thickness is discussed in more
detail in the ESI Material† (Paragraph S.4.).
This journal is © The Royal Society of Chemistry 2017
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Typically, the zeolite sample was heated to 673 K at 5
K min�1 in owing helium (100 cm3 min�1, Air Liquide), held
for 1 hour, and then cooled to 300 K at 5 K min�1. Probe
molecules were injected into the cell via the injection port using
a 10 mL syringe (Hamilton) until IR peak intensities did not
change anymore and IR spectra were then acquired.

The different amounts of sample powder used in each
DRIFTS experiment and, therefore, the number of surface
hydroxyls detectable by IR spectroscopy must be accounted for
if the DRIFTS spectra should be compared quantitatively. To
normalise the DRIFTS spectra the overtone and combination
vibrations found between 1750 and 2100 cm�1 in the activated
spectrum can be used as an internal standard. Hence, all inte-
grated peak intensities (Ipeak) were normalised by the area of the
overtone and combination vibrations found between 1750 and
2100 cm�1 (I1750–2100) as follows:7,40

Ipeak;normalised ¼ Ipeak

I1750�2100

(1)

Using eqn (1), the peak intensities for surface hydroxyl
groups, such as Brønsted and terminal silanol groups in the
O–H stretching region, can be quantitatively compared. In
addition to quantitatively interpret the IR spectroscopy results
the selection of the appropriate conversion function, absor-
bance or Kubelka–Munk (KM), for DRIFTS spectra was investi-
gated. The results can be found in the ESI Material† (Paragraph
S.4.). From this analysis, the absorbance function was chosen.

3. Results and discussion
3.1 Zeolite characterisation results

The H-ZSM-5 zeolite samples with varying SAR were charac-
terised by argon sorption isotherms, SEM experiments and
elemental analysis of the proton (H+) and sodium (Na+) forms of
the ZSM-5 zeolites, respectively.

The argon sorption isotherms in H-ZSM-5 are depicted on
a linear scale in Fig. 1 (le) and on a logarithmic scale in Fig. 1
(right), respectively. All ve investigated samples showed
a combination of isotherms of type I and IV. The micropores are
lled up at low relative pressures (p/p0 z 0.1). At p/p0 z 0.9
a progressive argon uptake appears and for lower relative
pressures the corresponding hysteresis loop can be observed,
Fig. 1 Argon sorption isotherms in H-ZSM-5 with varying SAR from 23 to
scale. The y-scale on the left figure is zoomed in to 100 to 160 cm3 g�1

This journal is © The Royal Society of Chemistry 2017
which implies the existence of irregular mesoporous structures.
The hysteresis loop closes at p/p0 z 0.4 for all SARs of H-ZSM-5
except 300 for which the loop closes at p/p0 z 0.5. It is clear
from Fig. 1 (le) that the BET surface area is different for the
various SARs. However, no trend is observed with the total Al
content (see Fig. S1 in ESI Material†). By inspection of Fig. 1
(right) it can be seen that the micropore region (p/p0 < 10�3)
shows no signicant differences among the samples studied.
An additional step can be observed at p/p0 z 10�3, which is
frequently explained by a uid-to-crystalline like phase transi-
tion41,42 and is not indicative of any real porosity.

From the argon sorption isotherms, the specic surface area
was calculated using the BET method suggested by Rouquerol
et al.38 to extract meaningful BET surface area values. The
results are reported in Table 1. The values are typical for H-ZSM-
5 zeolites and agree well with values reported elsewhere.43,44 It
can be observed in Table 1 that the measured BET surface area
values for the H+ form of ZSM-5 are 10 to 20% higher relative to
the surface values supplied by Alfa Aesar for the NH4

+ form of
ZSM-5.

Furthermore, specic external surface areas were extracted
from the argon sorption measurements using a Harkins–Jura
equation reported elsewhere.45 The results show that there is
a maximum for the specic external surface area for H-ZSM-5
(50). Values for the average diameter of H-ZSM-5 crystals were
obtained from SEM characterisation experiments and are listed
in Table 1 as well. The range of values is very narrow especially
for SARs between 50 and 300. A clear Al content trend, as has
been reported in some cases,46 is not observed here (see Fig. S1
in ESI Material†).

The SEM characterisation and elemental analysis results are
discussed in the ESI Material† in Paragraph S.2 and S.3,
respectively.
3.2 Effect of Al content on number of acid sites in H-ZSM-5

Typical activated IR spectra of the ve investigated H-ZSM-5
zeolite samples in the O–H stretching region are shown Fig. 2.
As described in the experimental section, the spectra were
normalised using the areas of the overtone and combination
vibrations between 1750 and 2100 cm�1 to account for the
different amounts of H-ZSM-5 powder used in each experiment.
Thus, the IR spectra can quantitatively be compared.
300 over relative pressure (p/p0) for (left) normal scale and (right) log
STP.

RSC Adv., 2017, 7, 52604–52613 | 52607
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Table 1 Surface area supplied from Alfa Aesar for the NH4
+ form of ZSM-5 and BET area and external surface area extracted from argon sorption

isotherms in H-ZSM-5 zeolites with varying SAR and their respective crystal size obtained by SEM characterisation

SARa Surface areaa (m2 g�1) BET areab (m2 g�1) Areaexternal
c (m2 g�1) dcrystal

d (mm)

23 425 467 45 2.7 � 1.3
30 400 449 60 4.1 � 1.6
50 425 463 63 1.8 � 0.6
80 425 497 59 1.2 � 0.3
300 400 484 33 1.8 � 0.4

a As supplied by Alfa Aesar for the NH4
+ form of ZSM-5. b Extracted from argon sorption experiments, error estimated to 2%. c Calculated using the

Harkins–Jura equation for argon at 87 K reported by Kruk and Jaroniec,45 error estimated to 5%. d Obtained from SEM characterisation.
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The peak at�3610 cm�1, associated with Brønsted acid sites,
is the most pronounced for H-ZSM-5 (23) and decreases with
increasing SAR, hence, decreasing Al content. The dependence
of the peak at �3740 cm�1, assigned to terminal silanol acid
sites, is more difficult to visualise. In more detail, the peak area
does not seem to vary signicantly between H-ZSM-5 (23) and H-
ZSM-5 (80). However, the peak is clearly reduced for H-ZSM-5
(300).

For H-ZSM-5 (30) and H-ZSM-5 (50) bands at �3660 and
�3777 cm�1 can also be identied, the former being more
strongly pronounced, which are normally assigned to the
presence of EF-Al located at the internal surface.22,47

The spectra of H-ZSM-5 (50) to (300) evidence a broad band
around 3500 cm�1 indicating the presence of internal silanol
sites at framework defects, frequently referred to as “nests”.48,49

However, some studies have suggested that the broad band
between 3200 and 3600 cm�1 can be assigned to a combination
of both internal silanol sites at framework defects (nests) and
distorted bridging hydroxyl species, that is, Brønsted acid sites
interacting with framework oxygen atoms.50–53

The variation of the activated Brønsted peak area
(�3610 cm�1), which relates to the number of sites, with the
total Al concentration is depicted in Fig. 3. The area of the
Brønsted acid site peak is approximately proportional to the
total Al content in H-ZSM-5. The results presented in Fig. 3
suggest that H-ZSM-5 (23) has the highest number of Brønsted
acid sites. Increasing the SAR, and hence decreasing the total Al
content, the number of Brønsted acid sites decreases. The
observed trend is in good agreement with previous results7,30,31
Fig. 2 Normalised activated IR spectra of H-ZSM-5 with a SAR of 23,
30, 50, 80 and 300 between 3000 to 4000 cm�1. The vertical axis
(absorbance) has arbitrary units.

52608 | RSC Adv., 2017, 7, 52604–52613
and suggests that the experimental DRIFTS setup designed to
probe the number of acid sites on the internal and external
surface of H-ZSM-5 provides quantitative results.

Terminal silanol hydroxyls (�3740 cm�1) are located on the
external surface of zeolite particles or at framework defects.2 In
this regard, it has been suggested that the number of those sites
depends on the external surface area of a zeolite,34 although
a denitive conclusion has not yet been reached. The external
surface area can be obtained by gas sorption experiments. In
this work, argon sorption experiments were used to characterise
the H-ZSM-5 samples and to extract the external surface area
values using the Harkins–Jura equation adopted to argon
sorption data in MCM-41 materials.45 The correlation of the
terminal silanol peak areas against the values of the external
surface area of H-ZSM-5 is depicted in Fig. 4. It can be observed
that a good agreement is obtained between the two. Hence, the
results reported here conrm those earlier ndings34 and
strengthen the idea that terminal silanol sites are closely linked
to external surface area of the zeolite particles.

A dependence of the number of terminal silanol sites with H-
ZSM-5 crystal size as suggested based on the IR results reported
by Armaroli et al.23 is not observed for the H-ZSM-5 samples
investigated in this study as veried by SEM characterisation
results reported in Table 1. The discrepancy related to the
crystal size can be explained by the SEM results (see Fig. S3 in
Fig. 3 Normalised areas of activated Brønsted IR peak (�3610 cm�1)
over the 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 were
calculated from the standard deviation of three separate IR experi-
ments (y-values) and from the uncertainty involved in the elemental
analysis experiments (x-values). Values for the mean and standard
deviation can be found in Table S2 in the ESI Material.†

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Normalised areas of activated silanol IR peak (�3740 cm�1)
over external surface area of H-ZSM-5 with different SAR (indicated in
the plot). The external surface area values were extracted from argon
sorption measurements. Error bars of terminal silanol peak areas were
calculated from the standard deviation of three separate IR experi-
ments (y-values) and estimated with 5% for the surface area values (x-
values).
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ESI Material†). The investigated H-ZSM-5 zeolites consist of
agglomerates of ne particles. In contrast to the other four H-
ZSM-5 samples, H-ZSM-5 (300) has approximately spherical
structures that did not seem to be agglomerated. Hence, due to
the agglomeration the average crystal diameter of the studied H-
ZSM-5 samples, obtained by SEM, is not likely to correlate with
the external surface area, obtained by argon sorption, and,
therefore, not with the number of terminal silanol acid sites.
The possible difference between the external surface area
measured by gas sorption and the calculated surface area based
on the crystal diameter has already been reported elsewhere.54

Synthesis conditions can greatly affect the nal zeolite
acidity properties.55–58 Thus, a direct comparison between
different studies is oen difficult. However, the results reported
in Fig. 4 suggest that the number of terminal silanol sites
depends on the external surface area obtained by gas sorption
measurements. Interestingly, the external surface area of the
studied H-ZSM-5 zeolites is not proportional to the zeolite
crystal size or the external surface area calculated based on the
diameter of the zeolite crystal as veried from the values re-
ported in Table 1 obtained by SEM characterisation. Hence, it is
crucial to characterise zeolites using gas sorption measure-
ments when the number of external terminal silanol sites is of
importance such as in non-shape selective reactions.8–10
3.3 Effect of Al content on location of acid sites in H-ZSM-5

To study the location dependence of both Brønsted and
terminal silanol acid sites on the Al content in H-ZSM-5, IR
experiments were conducted with base probe molecules exhib-
iting different kinetic diameters. Pyridine with a kinetic diam-
eter of �5.7 Å is able to access all acid sites present on the
internal and external H-ZSM-5 surface.35 However, the bulkier
probe molecule collidine, having a kinetic diameter of�7.4 Å, is
not able to access the acid sites located in the H-ZSM-5 pore
network but only those located on the external H-ZSM-5 crystal
surface and the entrances of the pore network, termed pore
mouth.26,35,36
This journal is © The Royal Society of Chemistry 2017
The normalised IR spectra for all ve H-ZSM-5 samples prior
to probe molecule adsorption and aer probe molecule
adsorption for either (a) pyridine or (b) collidine are shown in
Fig. 5.

Depicted are the Brønsted acid peak (�3610 cm�1) and the
peak assigned to terminal silanol sites (�3740 cm�1). The solid
line represents the IR spectrum prior to probe molecule
adsorption. The lled circles show the IR spectrum aer probe
molecule adsorption for either (a) pyridine or (b) collidine. The
different spectra are discussed in the following to determine the
location of Brønsted and terminal silanol acid sites and their
distribution between the internal and external surface, if
applicable.

Firstly, it can be observed in Fig. 5 that for H-ZSM-5 (30) and
H-ZSM-5 (50) the IR band at 3660 cm�1 assigned to hydroxyls
associated with EF-Al species located at the internal surface
completely disappears aer pyridine adsorption but does hardly
change aer collidine adsorption conrming that those
hydroxyls are mainly located inside the zeolite pore network as
suggested elsewhere.22,47

Furthermore, Fig. 5 shows that the Brønsted peak
(�3610 cm�1) disappears for all ve H-ZSM-5 samples investi-
gated once pyridine, plots (a), is adsorbed. Hence, the IR spectra
clearly suggest that pyridine molecules can interact with all
Brønsted acid sites present on the H-ZSM-5 surface, regardless
of the Al content. Indeed, even though the kinetic diameter of
pyridine is comparable to the pore dimensions of H-ZSM-5,
pyridine is expected to enter the H-ZSM-5 pore network, evi-
denced by having an ACI of near unity reported elsewhere.59

When collidine, plots (b) in Fig. 5, is adsorbed the Brønsted
peak is only slightly perturbed. The extent to which the
Brønsted peak is reduced upon collidine exposure differs for the
ve H-ZSM-5 samples investigated. Collidine has a kinetic
diameter of 7.4 Å, which is larger than the pore size of H-ZSM-5
(sinusoidal channels: 5.3 Å � 5.6 Å, straight channels: 5.5 Å �
5.1 Å)13 and is thus not expected to enter the pore network.
However, the reduced Brønsted peak observed for all SARs
studied suggests that collidine molecules can interact with
Brønsted acid sites, which are possibly located at the pore
mouth or at the external H-ZSM-5 crystal surface.60 However, the
Brønsted acid sites accessible to collidine are more likely to be
located at the pore mouth than the external crystal surface.35

It is important to point out that it has been reported that
strong bases such as pyridine strongly attract surface protons,
thus, can induce a change in location compared to their initial
location.61,62 In this regard, the pyridine results illustrated in
Fig. 5 are not likely to be signicantly affected by such change in
proton location. Nonetheless, the stronger base collidine could
theoretically attract protons located further inside the channels
that would not be accessible to collidine when only considering
the difference in size, that is, the kinetic diameter of collidine
and the H-ZSM-5 pore network.

The fraction of Brønsted sites that collidine can access varies
with the total Al content. To further investigate this, the peak
areas for the IR spectra prior to probe molecule adsorption and
aer probe molecule adsorption were determined and nor-
malised by the area of the overtone and combination vibrations
RSC Adv., 2017, 7, 52604–52613 | 52609
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Fig. 5 Normalised IR spectra of H-ZSM-5 with SAR values of 23, 30, 50, 80 and 300 for (a) pyridine and (b) collidine adsorption in the O–H
stretching region (3400 to 3800 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 hence spectra can directly be compared. IR spectra after probemolecule
adsorption in the O–H stretching region (3000 to 4000 cm�1) can be found in Fig. S6 in the ESI Material.†
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between 1750 and 2100 cm�1. Then, the area reduction, area
(D), given by:

Area (D) ¼ (areaprior � areaafter) (2)

was calculated. In eqn (2) the symbol areaprior represents the
area of the IR peak prior to probe molecule adsorption, hence,
without adsorbed moisture. Further, areaaer stands for the area
of the IR peak aer probe molecule adsorption on the H-ZSM-5
surface, in this case collidine.

Thus, the area reduction is proportional to the number of
acid sites that the probe molecule is adsorbed on. The results
are shown in Fig. 6. Depicted are the Brønsted areas prior to
collidine adsorption (lled squares) and the Brønsted areas
aer collidine adsorption (empty squares). Additionally, the
difference between the two areas, that is, the area reduction (D)
dened in eqn (2), is shown (lled circles). External Brønsted
acid sites are dened as those accessible to collidine molecules,
52610 | RSC Adv., 2017, 7, 52604–52613
which are proportional to the area reduction (D). Conversely,
internal Brønsted acid sites are proportional to the Brønsted
peak area that was not reduced upon collidine adsorption, that
is, the area aer collidine adsorption.

It can be observed in Fig. 6 that the Brønsted peak area prior
to adsorption is reduced by collidine adsorption indicating that
external Brønsted acid sites are present in the investigated H-
ZSM-5 samples regardless of the framework Al content. The
trend of the number of external Brønsted acid sites with the
framework Al content is more straightforward to see when
plotted as the area reduction (D) as this represents the area that
was reduced due to collidine adsorption. Fig. 6 shows that the
number of external Brønsted acid sites increases with
increasing framework Al content in H-ZSM-5 (lled circles).
Therefore, the collidine IR results suggest that H-ZSM-5 (300),
lowest Al content, has the lowest number of external Brønsted
acid site and H-ZSM-5 (23), highest Al content, has the highest
number, although very comparable to H-ZSM-5 (30).
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Percentage of Brønsted peak area accessible to collidine probe
molecules over the framework 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 the y-values were estimated from integration limit
variation and multiple IR spectra analysis. Values for the mean and
standard deviation can be found in Table S4 in the ESI Material.†

Fig. 6 Normalised areas of: (filled squares) Brønsted peak prior to
collidine adsorption; (empty squares) Brønsted peak after collidine
adsorption; and (filled circles) difference between the two, that is, the
area reduction (D), over the framework Al concentration per unit cell
for H-ZSM-5 with different SAR (300, 80, 50, 30 and 23 from left to
right). Values for the mean and standard deviation can be found in
Table S3 in the ESI Material.†
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Interestingly, even though H-ZSM-5 (23) has signicantly more
internal Brønsted sites than H-ZSM-5 (30), their number of
external Brønsted sites is equal within the experimental
uncertainty.

The fraction of collidine molecules that can interact with
Brønsted acid sites was calculated by dividing the area reduc-
tion, dened in (2), of the Brønsted peak due to collidine
adsorption, areaBrønsted (D), by the number of Brønsted sites
available in the rst place, that is, the Brønsted area prior to
collidine adsorption, areaBrønsted,prior, as follows:

Accessible to collidineð%Þ ¼ areaBrønstedðDÞ
areaBrønsted;prior

� 100 (3)

The results of this analysis are illustrated in Fig. 7. Inter-
estingly, the fraction of external Brønsted sites decreases with
increasing framework Al content. The observed decreasing
trend with increasing framework Al content is not that
surprising as the number of external Brønsted sites does not
vary much with framework Al content but the number of
Brønsted acid sites located inside the channels does signi-
cantly increase with higher framework Al content. Hence, the
percentage of the overall Brønsted sites that are accessible to
collidine molecules is low at higher framework Al content as
most Brønsted acid sites are located inside the pore network.
For low framework Al content the percentage of Brønsted sites
accessible to collidine molecules is much higher as the number
of Brønsted sites located inside the channels is much lower
compared to higher Al concentrations.

The data reported in the literature concerning the distribu-
tion of Brønsted acid sites35,36 are somehow scarce and frag-
mentary. One IR study36 investigated ZSM-5 with two SARs of 32
and 164 and found that the total number of Brønsted acid sites
accessible to collidine increased with increasing total Al
content. Further, it was reported that the AF of collidine, i.e.,
number of Brønsted sites probed by collidine (external/pore
This journal is © The Royal Society of Chemistry 2017
mouth) divided by number of Brønsted sites probed by pyri-
dine (total), decreased with increasing total Al content.

Here we systematically study the distribution of Brønsted
acid sites over a much wider range of Al concentrations, which
provides a more comprehensive picture on which we are able to
draw more robust conclusions.

Additionally, it has been reported that the ACI of ZSM-5
samples, obtained using pyridine and 2,6-dimethylpyridine
(DMPy), correlated with the external surface area probed by N2

sorption experiments.60 In more detail, the ACI was found to
increase with increasing external surface area. In this regard,
the percentage of Brønsted acid sites accessible to collidine is
somewhat comparably dened as the ACI. Comparing the
results depicted in Fig. 7 with the external surface area values
reported in Table 1 it can be observed that no correlation
between the two parameters exists in this work.

We now analyse in more detail the distribution of terminal
silanol sites. Upon pyridine adsorption, the IR peak assigned to
terminal silanol sites (�3740 cm�1) completely disappeared for
all ve H-ZSM-5 samples, which can be seen in Fig. 5, plots (a).
Hence, the results suggest that pyridine can access all terminal
silanol sites present on the H-ZSM-5 surface independently of
the Al content. However, pyridine probes internal and external
acid sites so no conclusion about their location can be drawn
from this. Using collidine in conjunction with pyridine the
presence of terminal silanol sites on either the internal surface,
external surface or both surfaces can be probed. IR collidine
adsorption results depicted in Fig. 5, plots (b), show that the
peak at �3740 cm�1, assigned to terminal silanol sites, is
strongly reduced for all ve H-ZSM-5 samples. For H-ZSM-5 (30)
the terminal silanol peak completely disappeared. Given that
collidine does not access the internal acid sites, we conclude
that most terminal silanol acid sites are located on the external
H-ZSM-5 crystal surface or at the pore mouth regardless of the
Al content. Hence, the results indicate that only a small fraction
of terminal silanol acid sites are located in the pore network.
The results agree with earlier studies20–23,26,27 and, in addition,
suggest that this is the case for a wide range of SAR.
RSC Adv., 2017, 7, 52604–52613 | 52611
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4. Conclusions

The aim of this work was to study, using a quantitative
approach, the effects of the Al content on the number and
location of Brønsted and terminal silanol acid sites in H-ZSM-5
zeolites with varying SARs. Two base probe molecules with
different kinetic diameter in conjunction with diffusive reec-
tance IR experiments were used to elucidate the H-ZSM-5 acidity
properties. Pyridine (5.7 Å) was used to investigate all acid sites
present on the H-ZSM-5 zeolite surface. Collidine, with a kinetic
diameter of 7.4 Å, was used to probe acid sites located at the
pore mouth or external H-ZSM-5 zeolite surface. Compared to
the frequent applied method of determining the Brønsted IR
intensities at lower wavenumbers upon adsorption of basic
probe molecules and using molar extinction coefficients to
obtain the number of probe molecules adsorbed to Brønsted
acid sites, this work explored a different experimental method
in which molar extinction coefficients are not needed. The total
Brønsted acid site concentration was determined by elemental
analysis of the proton (H+) form and the sodium (Na+)
exchanged form of ZSM-5. The possibility of using the change of
IR intensities of the Brønsted acid site peak in the O–H
stretching region to study the location was then explored. The
number of terminal silanol acid sites and their location was also
investigated quantitatively using the IR intensity in the O–H
stretching region probed by DRIFTS. In summary:

� The results indicate that the total number of Brønsted acid
sites increases with total Al concentration, hence, decreasing
SAR.

� The number of terminal silanol sites was found to be
proportional to the external surface area of the zeolite as probed
by argon adsorption.

� In terms of acid site location, the total number of external
Brønsted sites increased with increasing framework Al content
as evidenced by collidine adsorption, whereas the fraction of
these external Brønsted sites, probed by collidine, relative to the
total number of Brønsted sites, probed by pyridine, decreased
with increasing framework Al content.

� Terminal silanol sites were found to be mostly located on
the external H-ZSM-5 crystal surface.

This work has shown that diffuse reectance IR spectroscopy
can be used for the quantitative study of surface hydroxyls,
Brønsted and terminal silanol acid sites, by probing the change
in IR intensities in the O–H stretching region, using differently
sized base probe molecules, pyridine and collidine. This new
approach allowed us to obtain quantitative information on
number and location of hydroxyl species in H-ZSM-5 with varying
Al content without the need of molar extinction coefficients.
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17 L. Rodŕıguez-González, F. Hermes, M. Bertmer,
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