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Abstract

While the temperature-programmed desorption of ammonia (NH;-TPD) is widely used to analyze the combined Lewis
and Brensted acidity of heterogeneous catalysts, the temperature-programmed desorption of isopropylamine (IPAm-TPD)
can be used for the selective analysis of Brensted acidity. This work compared NH;-TPD and IPAm-TPD as analysis
methods for the acidity of zeolitic samples, including H-ZSM-5-23, H-ZSM-5-50, H-ZSM-5-280, a Zn-modified H-ZSM-
5-50 sample, and a y-Al,O5 reference sample. For the unmodified H-ZSM-5-23, H-ZSM-5-50, and H-ZSM-5-280, the
total acidity determined with NH;-TPD remained higher and the Bronsted acidity determined with IPAm-TPD lower
than the theoretical acidity estimated with the Al content of the materials. When the NH;-TPD saturation temperature
was varied for H-ZSM-5-50 to examine the trends observed in the analyses, the temperature change affected primarily
the low temperature peak of the TPD traces. The Zn-modified Zn/H-ZSM-5-50 sample yielded a multi-peak IPAm-TPD
trace, though only a single peak trace was expected. Additionally, the value of Brensted acidity showed no change from
the unmodified zeolite.

Keywords Acidity - NH;-TPD - IPAm-TPD - H-ZSM-5

1 Introduction

Surface acid sites are a major source of catalytic activity
with certain solid heterogeneous catalysts such as zeolites.
Analysis methods that can quantify the surface acidity of
such materials are important in catalysis research, as they
can explain the relationship between the catalytic activity
and the surface chemical properties of the catalysts. The
temperature-programmed desorption (TPD) of basic probe
molecules is a widely used acidity characterization method
based on the adsorption of gases onto the acidic sites of
the sample material [1]. Commercially available TPD
instruments that require little operator input to perform the
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analysis make TPD methods accessible for routine acidity
characterization [2].

Various bases have been reported as probe molecules
for TPD acidity characterization, including NH; and alkyl-
amines such as isopropylamine (IPAm) [3]. Several works
from various authors have examined NH; adsorption for
acidity characterization [4-12], and an ASTM standard
(ASTM D4824-24) exists for the surface acidity character-
ization with NH; chemisorption [13]. In turn, the pioneering
work in surface acidity analysis by IPAm-TPD was pub-
lished by Gorte and coworkers first in the 1980s and 1990s
[14-24]. At present, numerous studies employ NH;-TPD
for acidity characterization, while IPAm-TPD has been less
frequently used. To illustrate the difference in prevalence,
NH;-TPD is mentioned in over 200 times more works in
the Web of Science database compared to [IPAm-TPD, when
examining literature from the last 20 years [25, 26].

The working principles of NH;-TPD and IPAm-TPD
differ somewhat. In both methods, the sample is saturated
with the probe molecule, the weakly adsorbed molecules
are purged using inert gas, and the sample is heated at a
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constant rate to observe the desorption of the probe mol-
ecule. The difference is related to the surface chemical reac-
tions during the heating program and is illustrated Fig. 1. In
NH;-TPD, the NH; molecules adsorb and desorb without
reacting [27]. By contrast, [IPAm decomposes on Brensted
sites into propylene and NH; [18]. When the decomposition
products are followed with a detector capable of identify-
ing the individual species in the gas stream, such as a mass
spectrometer (MS), the Bronsted acidity can be selectively
quantified.

Both analyses have reportedly been performed at similar
conditions for zeolitic samples. For NH;-TPD, the samples
have been reported to be saturated in a constant flow of a
NH;/He gas mixture at 100-150 °C and heated at 5-15 °C/
min up to 500-650 °C [4, 28-35]. For IPAm-TPD, the
samples have been reported to be saturated by pulse che-
misorption at 100-125 °C and heated at 5-10 °C/min up
to 400-800 °C [30, 33, 35-38], though even ambient tem-
perature has been used for the saturation [39]. For compari-
son, the application notes of Micromeritics, a manufacturer
of thermochemical characterization instruments, instruct a
saturation temperature of 120 °C and a 10 °C/min tempera-
ture ramp up to 500 °C for NH;-TPD [40]. The conditions
indicated for [IPAm-TPD are 200 °C and a 10 °C/min tem-
perature ramp up to 500 °C [41].

In terms of typical results obtained with NH;-TPD and
IPAm-TPD, NH;-TPD traces of zeolites commonly exhibit
a distinct low temperature and high temperature peak [42].
The low temperature peak is generally observed at 170—
280 °C and the high temperature peak at 370440 °C [8].
The NH;-TPD high temperature peak is commonly attrib-
uted to strong Brensted and Lewis acid sites [8], while
the low temperature peak has been linked to other weaker
adsorption sites [42]. In contrast, the IPAm-TPD traces typi-
cally exhibit a single peak associated with IPAm decompo-
sition at approximately 300-375 °C [17, 43].
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Fig. 1 Reaction schemes of the interaction of NH; and IPAm on a zeo-
lite bridging Brensted site
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Regarding typical quantitative results of zeolitic samples,
the observed amount of acidic sites for the same material
may be influenced strongly by operating parameters, which
can lead to vast differences in values reported in different
works [18]. For example, both the value 690 pmol/g [34]
and 1464 pmol/g [28] has been reportedly obtained with
NH;-TPD from a commercial H-ZSM-5-23 material. Simi-
larly, the IPAm-TPD-based Brensted acidity reported for
commercial H-ZSM-5-23 was 435 pumol/g in one study
[39], while another study reported a Brensted acidity of
1260 pmol/g for a H-ZSM-5-25 material [38]. To provide
a stable comparison point for the measured acidities, some
works have estimated the theoretical acidity of the materials
with elemental content [8, 44]. For example, the Bronsted
acidity is heavily related to the amount of Al in aluminosili-
cate zeolites, and in ideal zeolites with perfect crystallinity,
each Bronsted site is associated with an Al atom [8].

This work aimed to examine NH;-TPD and IPAm-TPD
as analysis methods for zeolite acidity and presents our ini-
tial comparison of the acidic properties of selected zeolitic
samples as analyzed by NH;-TPD and IPAm-TPD. The
analysis results from both methods were compared by per-
forming NH;-TPD and IPAm-TPD for H-ZSM-5 samples
with selected SiO,/Al,O; ratios as well as a y-Al,O; refer-
ence sample. The Al content of the zeolites determined with
elemental analysis was used as an estimate for the theoreti-
cal acidity to facilitate the comparison. As NH;-TPD and
IPAm-TPD differ in selectivity towards different types of
acidic sites, this work also examined the acidity of a zeolite
before and after the addition of Zn by comparing the NH;-
TPD and IPAm-TPD results of an unmodified H-ZSM-5-50
sample and a Zn-modified Zn/H-ZSM-5-50 sample.

2 Experimental

Materials.

The TPD analysis was made for commercial ammonium-
form NH,-ZSM-5-23 (Thermo Scientific Chemicals, prod.
45879, 425 m*/g), NH,-ZSM-5-50 (Thermo Scientific
Chemicals, prod. 45881, 425 m%/g), NH,-ZSM-5-280 (Zeo-
lyst International, prod. CBV28014, 400 m?/g), and y-Al,0,
(Alfa Aesar, prod. 39812, 99.97%, 80 m%/g). Zn(II) acetyl-
acetonate (Zn(acac),, Volatec, CAS: 14024-63-6, 99.99%)
and synthetic air (Woikoski, prod. N50, 99.999%) were used
as the ALD reactants in the Zn-modification of ZSM-5-50. A
10 vol-% NH,/He gas mixture (Air Products, prod. 305434,
10.01+1% NHj;, 89.99+ 1% He), pure He (Woikoski, prod.
N46, 99.996%), high-purity propylene (Sigma-Aldrich,
prod. 295663, CAS: 115-07-1, > 99%), and GC-grade iso-
propylamine (Sigma-Aldrich, prod. 59330, CAS: 75-31-0,>
97.0%) were used in the TPD analyses.
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Sample preparation.

To obtain the proton-form H-ZSM-5-23, H-ZSM-5-
50, and H-ZSM-5-280, the ammonium-form commercial
zeolites were de-ammoniated in a muffle furnace in static
ambient air. The samples were first heated from ambient
temperature to 200 °C for 1 h and held at 200 °C for 50 min,
then heated from 200 °C to 400 °C for 1 h 10 min and held at
400 °C for 4 h. The Al,O, was calcined in a muffle furnace
in static ambient air at 600 °C for 10 h before analysis.

The ZSM-5-50 zeolite used as a support for the Zn-
modification was pressed and sieved prior to treatment
with atomic layer deposition (ALD). Ammonium-form
NH,-ZSM-5-50 was pelletized with a Unipress Equipment
Ul11 High Pressure Multivessel Apparatus. About 1.5 g of
the material was placed into the sample chamber in a sili-
cone tube and pressurized to 1200 bar. The pressure was
maintained for 5 min. The formed pellet was crushed and
sieved to obtain 150-250 um particles and subsequently
de-ammoniated.

To obtain a Zn-modified H-ZSM-5-50 sample, H-ZSM-
5-50 was treated with one cycle of ALD using the procedure
described by Yim et al. [45]. A flow-type fixed bed F-120
ALD reactor (ASM Microchemistry) was used. About
2 g of the zeolite (150-250 um) was pre-treated for 5 h at
250 °C to remove any adsorbed moisture. About 2.4 g of
solid Zn(acac), was evaporated at 120 °C at about 6 mbar in
100 sccm N, flow and delivered to the H-ZSM-5-50 sample
at 200 °C for 3 h. After Zn delivery and cooling to ambi-
ent conditions, the top and bottom parts of the Zn-modified
zeolite particle bed were separated, and only the top part
was analyzed. The top part was transferred through air to
a flow-through furnace and calcined at 550 °C in 100 sccm
synthetic airflow for 10 h to remove remaining acetylaceto-
nate ligands from the sample.

X-ray fluorescence elemental analysis.

The elemental analysis was performed with X-ray fluo-
rescence (XRF) using borate fusion for analysis sample
preparation. About 0.2—0.5 g of sample material was fused
with 10 g of a 50.0% lithium tetraborate and 50.0% lithium
metaborate flux (XRF Scientific, 99.995%, 0.5% Lil addi-
tive) with a Katanax X-300 automated fusion instrument
(see Table S1). The resulting beads were analyzed with a
Malvern Panalytical Axios mAX 3 kW instrument (Rh
source, 60 kV, 125 mA) in vacuum using 27 mm diameter
sample holders.

The standardless Omnian method was used to quantify
the elemental content [46], which yielded the amount of an
element and its oxide in mass percentages. The mass per-
centage of Zn obtained with Omnian was regarded as the Zn
loading of the zeolite sample. The Al content C,; (mol/g)
was calculated with Eq. (1),

TALO;

Cai=2-
Ma1,0,4

)

where x 41,03 18 the mass fraction of Al,O; in the sample
derived from the Omnian mass percentage of Al,O;, and
M 41503 1s the molar mass of Al,O5 (g/mol).

Temperature-programmed desorption of ammonia.

A Micromeritics AutoChem I11 2930 instrument equipped
with a Cirrus 3 mass spectrometer was used for the NH;-
TPD analyses. The samples were dried for several hours at
110 °C in static ambient air before analysis. About 0.05—
0.1 g of the dried sample was placed in a quartz sample cell
between two pieces of quartz wool (Micromeritics, prod.
004-32164-01).

The NH;-TPD operating parameters followed recom-
mendations from the analysis instrument manufacturer [40],
though a higher temperature was used for the pre-treatment
and desorption heating ramp maximum. The sample was
pre-treated in 50 sccm He flow by heating to 550 °C at 10 °C/
min and maintaining 550 °C for 1 h. The sample was then
cooled to a saturation temperature of 120 °C and exposed
to a 50 sccm flow of 10 vol-% NH;/He for 1 h. After the
exposure, the sample was purged with He for 1 h to remove
weakly adsorbed NH;. The sample was then heated from
120 °C to 550 °C at 10 °C/min under 50 sccm He flow and
held at 550 °C for 30 min, while the desorption of NH; was
monitored with the MS following m/z 17 for NH;.

To further examine trends that were observed in the TPD
analyses, the saturation temperature was varied while oth-
erwise maintaining the same analysis conditions as in the
other analyses. NH;-TPD was performed with a H-ZSM-
5-50 sample with the saturation temperatures 50, 100, 120,
150, and 200 °C.

To determine the amount of total acid sites (mol/g), the
m/z 17 signal recorded during the desorption step of each
analysis run was integrated using the AutoChem III soft-
ware. For the analyses performed at different saturation
temperatures, the peaks of the TPD traces were integrated
separately with Gaussian fits to the data. A calibration was
performed for each experiment with five about 0.5 cm? loop
injections (calibrated loop volume 0.5185 cm?, loop tem-
perature 110 °C) of the 10% NH,/He gas mixture while fol-
lowing the m/z 17 signal with the MS for NH;. The average
of area of the calibration peaks was determined by integra-
tion with the AutoChem III software. The total acidity 4,
(mol/g) was calculated with Eq. (2)

chal - I 1
Ical VvIn - m
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where [ is the integrated area of the m/z 17 signal peaks,
1., 1s the average area of the calibration m/z 17 signal peaks
(Table S2), V., is the loop gas volume (cm® STP) (Table
S2), V,, is the molar volume of ideal gas (cm®> STP/mol),
and m is the sample mass (g).

Temperature-programmed desorption of isopropylamine.

The same Micromeritics AutoChem III 2930 instrument
and Cirrus 3 MS, as well as the same pre-analysis drying
procedure and sample loading method was used for the
IPAm-TPD analyses as for the NH;-TPD analyses. The
IPAm-TPD operating parameters followed recommenda-
tions from the analysis instrument manufacturer [41]. The

H-ZSM-5-23
H-ZSM-5-50
H-ZSM-5-280
V-Al,O4

MS signal / sample mass (arb. units)

— :
100 200 300 400 500 550 -c isothermal hold
Temperature (°C)

)

T
200 300

H-ZSM-5-23
H-ZSM-5-50
H-ZSM-5-280
Y-Al,05

MS signal / sample mass (arb. units)

T T T T
400 500 T 500 °C isothermal hold

Temperature (°C)

Fig. 2 The desorption traces recorded for H-ZSM-5-23, H-ZSM-5-50,
H-ZSM-5-280, and y-Al,O; during (a) NH;-TPD (desorption 120-
550 °C, 10 °C/min, 50 sccm He, 30 min hold at 550 °C) following the
MS m/z 17 signal for NH; and (b) IPAm-TPD (desorption 200-500 °C,
10 °C/min, 50 sccm He, 30 min hold at 500 °C) following the MS m/z
41 signal for propylene

@ Springer

sample was pre-treated in 50 sccm He flow by heating to
500 °C at 10 °C/min and maintaining 500 °C for 1 h. The
sample was then cooled to 200 °C and saturated with [IPAm
pulse chemisorption, where 10 of about 0.5 cm? loop injec-
tions (calibrated loop volume 0.5185 cm?, loop temperature
110 °C) were delivered. For the pulse chemisorption, the
IPAm was vaporized and delivered to the injection loop
by bubbling 10 sccm He through the liquid IPAm (liquid
flask temperature 30 °C, reflux condenser temperature
25 °C). The saturated sample was purged with 50 sccm He
for 30 min to remove weakly adsorbed IPAm. The sample
was then heated from 200 °C to 500 °C at 10 °C/min under
50 sccm He flow and held at 500 °C for 30 min, while the
desorption of IPAm, propylene, and NH; was monitored
with the MS following m/z 44, 41, and 17, respectively.

To determine the amount of Brensted acid sites, the m/z
41 signal of propylene recorded during the desorption step
of each analysis run was integrated using the AutoChem I11
software. A calibration was performed for each experiment
with 0.2, 0.4, 0.6, 0.8, and 1.0 cm® manual injections of pro-
pylene while following the m/z 41 signal. The area of the
calibration peaks was determined by integration with the
AutoChem III software, and linear regression was used to
determine the slope and intercept of the calibration curve.
The Bronsted acidity Ay (mol/g) was calculated with Eq. (3)

Ap = (kI +) - 5——

3)

where [ is the integrated area of the m/z 41 signal, & is the
slope (cm® STP/peak area) (Table S3) and b the intercept
(cm® STP/peak area) of the calibration curve (Table S3), V,,
is the molar volume of ideal gas (cm® STP/mol), and m is
the sample mass (g).

3 Results

Acidity of samples with varying theoretical acidities.

The amount of total acid sites and Brensted acid sites
of H-ZSM-5-23, H-ZSM-5-50, H-ZSM-5-280, and y-AL,0,
were analyzed with NH;-TPD and IPAm-TPD, respec-
tively. Figure 2a displays the measured NH;-TPD traces.
As shown in the figure, the overall intensity of the signals
increased in the order y-Al,0; <H-ZSM-5-280 <H-ZSM-5-
50<H-ZSM-5-23. The NH;-TPD traces of the zeolites each
contained a low temperature and a high temperature peak.
The low temperature peaks were centered at approximately
190-230 °C and the high temperature peaks at 370430 °C.
In contrast, the y-Al,O; trace only showed a single peak
centered at 245 °C.
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Figure 2b displays the IPAm-TPD traces of H-ZSM-5-
23, H-ZSM-5-50, H-ZSM-5-280 and y-Al,O;. As dem-
onstrated in the figure, the overall intensity of the signals
increased in the order y-Al,0;<H-ZSM-5-280<H-ZSM-
5-50<H-ZSM-5-23 alike what was observed with the
NH;-TPD traces. The IPAm-TPD traces of all the analyzed
materials contained only a single peak centered at approxi-
mately 330-340 °C.

Table 1 presents the quantitative total acidity and Bren-
sted acidity results from the NH;-TPD and IPAm-TPD
analyses along with the Al content determined with XRF
for comparison. As shown in Table 1, the amount of both
total acid sites and Brensted acid sites increased in the order
v-Al,O; <H-ZSM-5-280<H-ZSM-5-50<H-ZSM-5-23, as
expected from the Fig. 2 TPD traces. When comparing the
analysis results of the zeolitic samples, Table 1 also shows
that the total acidity determined with NH;-TPD remained
higher than the Al content while the Bronsted acidity
remained lower than the Al content.

The changes in the acidity of a zeolite before and after
the addition of Zn were studied by analyzing H-ZSM-5-50
and Zn/H-ZSM-50 with NH;-TPD and IPAm-TPD. Fig-
ure 3a displays the NH;-TPD traces of H-ZSM-5-50 and
Zn/H-ZSM-5-50. As presented in Fig. 3a, both the pristine
and the Zn-modified zeolite yielded a trace with a high and
a low temperature peak. The high temperature peak maxi-
mum shifted from ca. 390 °C to ca. 370 °C and the low
temperature peak maximum from ca. 210 °C to ca. 230 °C
with the addition of Zn. Furthermore, the high temperature
peak on the Zn-modified zeolite was diminished, and the
low temperature peak was inflated compared to the unmodi-
fied material, and the shape of the high temperature peak
appeared wider. The Zn/H-ZSM-5-50 trace contained a
strong shoulder at approximately 550 °C coinciding with
the start of the isothermal hold at 550 °C, though a shoulder
was also less prominently present in the H-ZSM-5-50 trace.

Figure 3b displays the IPAm-TPD traces of H-ZSM-5-50
and Zn/H-ZSM-5-50. In addition to the m/z 41 trace associ-
ated with propylene produced in the IPAm decomposition,
the figure also includes the m/z 17 trace associated with the
other decomposition product NH;. Figure 3b figure also
includes the m/z 44 trace associated with unreacted IPAm,
as the fragmentation of IPAm in the MS may produce a m/z
41 response that may be confused with the m/z 41 response
from propylene. When examining the m/z 41 traces in
Fig. 3b, the H-ZSM-5-50 trace contains a single peak cen-
tered at 330 °C and the Zn/H-ZSM-5-50 trace three peaks
centered at 335 °C, 400 °C, and 470 °C. Observing the m/z
17 trace, the unmodified zeolite yielded a single wide peak
while the Zn-modified zeolite trace yielded multiple peaks
following the trend of the m/z 41 trace. The m/z 44 traces
of both H-ZSM-5-50 and Zn/H-ZSM-5-50 contained a low

Table 1 The total acidity (4,,,) and Brensted acidity (4g) determined
with NH;-TPD and IPAm-TPD, respectively, with the Al content (Cy;)
indicated for reference for the zeolitic samples

Sample material A, (umol/g) Ag (umol/g)

Cya (pmol/g)

H-ZSM-5-23 1696 891 1332
H-ZSM-5-50 695 400 576
Zn/H-ZSM-5-50 697 376 -
H-ZSM-5-280 138 91 120
v-Al,O4 127 45 —

a

H-ZSM-5-50

Zn/H-ZSM-5-50

MS signal / sample mass (arb. units)

— :
300 400 500 550 °Cisothermal hold
Temperature (°C)

—
100 200

»
z b
>
g
)
[2]
@ H-ZSM-5-50
g m/z 41
o m/z 17
g— m/z 44
@®
[2]
= //\/\/\Zn/H-ZSM-&SO
g m/z 41
o m/z 17
- m/z 44
=
T T T T T
200 300 400 500 500 C isothermal hold

Temperature (°C)

Fig. 3 The desorption traces recorded for H-ZSM-5-50 and Zn/H-
ZSM-5-50 during (a) NH;-TPD (desorption 120-500 °C, 10 °C/min,
50 sccm He, 30 min hold at 550 °C) following the MS m/z 17 signal
for NH; and (b) IPAm-TPD (desorption 200-500 °C, 10 °C/min, 50
sccm He, 30 min hold at 500 °C) following the MS m/z 17, 41, and 44
signals for NH;, propylene, and IPAm, respectively
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temperature peak that returned mostly to baseline prior to
the main m/z 41 peaks emerging.

Regarding the quantitative acidity results of the H-ZSM-
5-50 and Zn/H-ZSM-5-50 samples, the total acidities
shown in Table 1 were very similar at 695 umol/g and 697
umol/g, respectively. The corresponding Brensted acidi-
ties had a minor difference at 400 umol/g and 376 umol/g,
respectively.

Varying the saturation temperature in the temperature-
programmed desorption of ammonia.

To examine the effect of the saturation temperature on
the analysis results, NH;-TPD was performed for a H-ZSM-
5-50 sample with the saturation temperatures 50, 100, 120,
150, and 200 °C. Figure 4 displays the NH;-TPD traces
obtained with the different saturation temperatures. As
shown in the figure, the area and appearance of the high
temperature peak remained similar between the analyses
while the low temperature peak area increased when the sat-
uration temperature was lowered. Moreover, a second low
temperature peak appeared when a saturation temperature
of 50 °C was used, as shown in Fig. 4.

Table 2 shows the quantitative total acidity results
obtained for H-ZSM-5-50 at the different saturation tem-
peratures with each peak quantified separately (see Fig. S1-
S5 and Tables S6-S10). As shown in Table 2, the amount
of adsorbed NH; associated with the highest temperature
remained relatively similar regardless of the saturation tem-
perature used. The analysis performed with 50 °C satura-
tion temperature showed a higher amount of adsorbed NH,
associated with the high temperature peak at 485 pumol/g,
while the amount for the other analysis runs ranged from
407 pmol/g to 422 umol/g. In turn, the contribution of the
low temperature peaks increased when the saturation tem-
perature was lowered and even exceeded the contribution of
the high temperature peak with the saturation temperature
50 °C.

4 Discussion

Temperature-programmed desorption results of unmodified
zeolites and y-alumina.

The NH;-TPD traces of the unmodified H-ZSM-5-23,
H-ZSM-5-50, and H-ZSM-5-280 shown in Fig. 2 appeared
typical. The low temperature peaks in the TPD traces were
observed at 190-230 °C and the high temperature peaks at
370-430 °C. The peaks fell within the expected low tem-
perature and high temperature peak ranges of 170-280 °C
and 370440 °C [8]. Furthermore, the overall intensity of
the measured m/z 17 signals increased expectedly when
the theoretical acidity of the material increased. Likewise,
the IPAm-TPD traces in Fig. 2 appeared typical. The traces

@ Springer

200 °C

MS signal / sample mass (arb. units)

1
°C isothermal hold

0 100 200 300 400 500 =5
Temperature (°C)

Fig. 4 The NH;-TPD desorption traces of H-ZSM-5-50 obtained with
a MS (m/z 17) when a saturation temperature of 50, 100, 120, 150, and
200 °C was used (desorption from saturation temperature to 550 °C,
10 °C/min, 50 sccm He, 30 min hold at 550 °C)

Table 2 Perceived total acidity (amount of adsorbed NH;) (4,,) of
H-ZSM-5-50 when the saturation temperatures of 50, 100, 120, 150,
and 200 °C were used

Ao (umol/g)

Saturation tem-  Peak 1 Peak 2 Peak 3 Sum
perature (°C) (approx. (approx. (approx.

100 °C) 200 °C) 400 °C)
50 237 565 485 1260
100 - 370 411 782
120 - 243 407 650
150 - 117 411 528
200 — — 422 422

contained each a single m/z 41 peak within the typical tem-
perature range of 300-375 °C [17]. As with the NH;-TPD
traces, the overall intensity of the measured m/z 41 signals
increased with the theoretical acidity.

A v-AL,O; sample was also analyzed for reference. The
sample yielded a single peak in both NH;-TPD and IPAm-
TPD and exhibited some total acidity but minimal Brensted
acidity according to the quantitative NH;-TPD and IPAm-
TPD results in Table 1. The results were consistent with
established views on y-Al,O; acidity, as the material is con-
sidered primarily Lewis acidic [47], while some Brensted
acidic sites may be present due to the hydration and hydrox-
ylation of the surface [48].

Comparing the quantitative acidity results of the unmodi-
fied zeolites shown in Table 1 to values available in literature,
the observed total acidity of H-ZSM-5-23, H-ZSM-5-50,
and H-ZSM-5-280 in Table 1 appeared high. For example,
total acidity values of up to 1464 pmol/g [28] could be
found for commercial H-ZSM-5-23 in literature, and the
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value 1696 pmol/g observed in this work exceeded it. The
observed Brensted acidity of the materials appeared more
intermediate to values reported by others. For example,
the Bronsted acidity of commercial H-ZSM-5-23 was 891
umol/g in this work, while a values of 435-1260 pmol/g
have been reported for H-ZSM-5 materials with SiO,/Al,0,
ratios of 23-25 [35, 38, 39]. As stated previously, the quan-
titative acidity results may be influenced by the analysis
conditions [18]. Ideally analysis results intended for com-
parison should be performed in the same conditions, and
differences in them may explain the observed differences in
quantitative results.

To provide a comparison point less susceptible to influ-
ences from the analysis conditions, the Al content of the
zeolites was used to estimate the theoretical acidity of the
unmodified H-ZSM-5-23, H-ZSM-5-50, and H-ZSM-5-280
samples and used as a comparison point for the quantitative
acidity results. To better illustrate the relation of the zeolite
sample total acidity and Brensted acidity to the Al content,
Fig. 5 displays the observed total and Brensted acidity of
H-ZSM-5-23, H-ZSM-5-50, and H-ZSM-5-280 plotted
against the Al content of the materials obtained with XRF.
The diagonal in Fig. 5 indicates an idealized case where
acidic sites would occur in a 1:1 ratio with Al atoms in the
zeolite.

As demonstrated in Fig. 5, both the total and Brensted
acidity appeared to show a linear correlation with the Al
content. The coefficient of determination R* was close to 1
for both fits indicating that the results of both NH;-TPD and
IPAm-TPD were proportional to the amount of theoretical
acid sites in the analyzed zeolites. The NH;-TPD and IPAm-
TPD results deviated from the theoretical 1:1 ratio of acid
sites to Al by a constant of approximately 1.26 and 0.67,
respectively.

Observing a lower Bronsted acidity than estimated with
the Al content appears logical. Estimating theoretical acid-
ity with XRF-based Al content assumes that all the Al is
associated with the framework, as Brensted sites are mostly
associated with framework Al. In reality, zeolite materi-
als also contain extra-framework Al. Consequently, each
Al atom observed with XRF may not be associated with a
Bronsted acid site, and the Bronsted acid sites amount deter-
mined with IPAm-TPD is often less than the amount of Al in
the material [49]. As a further note, some uncertainty to the
estimate of theoretical acidity is introduced by the standard-
less Omnian quantification method used to determine the Al
content. A more accurate result for the Al content could be
achieved with a quantification method based on standards,
though the amount of framework Al could also be selec-
tively determined with 2’Al nuclear magnetic resonance
spectroscopy [1].
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Fig. 5 Linear fits to the quantity of total and Brensted acid sites on
H-ZSM-5-280, H-ZSM-5-50, and H-ZSM-5-23 as observed with
NH;- and IPAm-TPD, respectively, and the Al content of the materi-
als. The intercepts of the linear fits were fixed at 0

The observed amount of Brensted sites could also
decrease if the propylene and NH; were reacting back to
propylamine (PAm). In such case, the Brensted acidity
could have been underestimated as only the propylene-
related m/z 41 signal was used to quantify the Breonsted
acidity. Indeed, NH; has been observed to aminate lower
alkenes in elevated temperatures [50]. However, the reac-
tion is exothermic and the amount of propylene and NH,
reacting back to PAm would decrease in high temperatures
[51]. Moreover, it’s likely that a small m/z 44 response
would be observed if any amination occurred in the analysis
conditions. According to the data in Fig. 3b, no PAm was
detected in higher temperatures, as only a m/z 41 and m/z 17
response was observed above approximately 300 °C. There-
fore, the amination of propylene is unlikely to have affected
the quantitative results.

Compared to the trend in Brensted acidity, observing a
higher total acidity than what was estimated with the Al con-
tent was more unexpected. Though the extra-framework Al
atoms could give rise to Lewis sites, some extra-framework
Al species cannot be considered acidic [52]. The NH;-TPD
and IPAm-TPD analysis conditions of this work followed
the instrument manufacturer recommendations and were
similar to conditions reported in literature. Significantly,
a different saturation temperature was recommended for
NH;-TPD and IPAm-TPD analyses and consequently used
in this work. The saturation temperature affects the probe
molecule surface coverage, and as adsorption is typically
exothermic, a higher coverage would be expected at a lower
temperature [53]. As the NH;-TPD saturation temperature
used was lower than the [IPAm-TPD saturation temperature,
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the results for the total acidity could have been higher than
for the Bronsted acidity due to the analysis conditions.

Experiments varying the saturation temperature showed
that the contribution of the low temperature peak to the
total amount of adsorbed NH; varied with the temperature
used, while the amount of NH; associated with the high
temperature peak generally remained similar regardless of
the saturation temperature. Only the analysis with 50 °C
saturation temperature showed a slightly higher amount of
adsorbed NHj; associated with the high temperature peak at
485 pmol/g.

The increase in adsorbed NH; with low saturation tem-
peratures has been previously explained by NH; hydrogen
bonding. Lényi and Valyon [42] studied NH; adsorption
on H-ZSM-5 at 25, 100, 150, 250, and 350 °C. They found
that the adsorbed NH,, species formed hydrogen bonds
with additional NH; molecules during NH;-TPD [42]. The
hydrogen bonds were observed to be stable even at elevated
temperatures, and appeared to contribute to the low tem-
perature peak of the NH;-TPD trace [42]. The NH;-TPD
traces of this work with the selected saturation tempera-
tures showed similar trends to the traces obtained by Lonyi
and Valyon [42]. This could indicate that the perceived
total acidity obtained with the NH;-TPD method using a
120 °C saturation temperature was inflated by the multilayer
adsorption of NH;.

Effect of zinc modification on observed acidity.

The quantitative results of the H-ZSM-5-50 and Zn/H-
ZSM-5-50 showed little differences. The total acidity deter-
mined with NH;-TPD was 695 pumol/g and 697 umol/g
H-ZSM-5-50 and Zn/H-ZSM-5-50, respectively. The Bron-
sted acidity values obtained with [IPAm-TPD had more of
a difference were 400 pmol/g and 376 pmol/g for H-ZSM-
5-50 and Zn/H-ZSM-5-50, respectively. The relative stan-
dard deviation of the NH;-TPD and IPAm-TPD results
was found to be approximately 4% in repeat experiments
with H-ZSM-5-50 (Table S4, Table S5). Consequently, the
observed quantity of acidic sites obtained with both NH;-
TPD and IPAm-TPD could be concluded to have remained
the same despite the Zn-modification. In particular, the
Bronsted acidity of the Zn-modified material was expected
to change, as typically the introduction of Zn increases
the Lewis acidity and decreases the Bronsted acidity. For
example, Gong et al. [54] observed a significant increase in
Lewis acidity as well as a decrease in Bronsted acidity with
adsorbed pyridine characterization by infrared spectroscopy
for a Zn/H-ZSM-5-25 material prepared with ALD.

Despite the quantitative NH;-TPD and IPAm-TPD
results of H-ZSM-5-50 and Zn/H-ZSM-5-50 remaining
similar, the TPD traces obtained with both methods pre-
sented some differences. In the NH;-TPD traces, the mag-
nitudes of the peaks changed, and the low temperature peak

@ Springer

and high temperature peaks shifted by approximately 20 °C
with the addition of Zn. The observed shift could be pos-
sibly due to the combination of a change in the magnitude
of the peaks and NH; re-adsorption to the sample, as the
low temperature peak with increased magnitude shifted to
a higher temperature and the high temperature peak with
decreased magnitude shifted to a lower temperature. The
decrease of magnitude in the high temperature peak and the
increase in the low temperature peak suggest a decrease in
strong acid sites and an increase in weak acid sites.

While the differences between the NH;-TPD traces were
moderate, the IPAm-TPD traces showed major differences
between the pristine and Zn-modified H-ZSM-5-50. The
m/z 41 traces of both H-ZSM-5-50 and Zn/H-ZSM-5-50
were expected to have a single peak, as the IPAm decompo-
sition should occur at a similar temperature regardless of the
acid site strength [17]. Despite the result being unexpected,
precedents of multiple peaks observed in IPAm-TPD for
Zn-containing zeolitic samples are available in literature.
For instance, Tamiyakul et al. [39] performed IPAm-TPD
of Zn/H-ZSM-5 with various Zn loadings and observed m/z
41 peaks at approximately 350 °C, 390 °C, and 480 °C for
the tested materials [39]. The m/z 41 peaks in Fig. 3b were
observed at similar temperatures at approximately 335 °C,
400 °C, and 470 °C. The additional peaks were suggested to
be induced by water contaminants in the [IPAm used for the
TPD analysis, which was claimed to regenerate Bronsted
sites at high temperatures [39].

The regeneration of Brensted sites could explain the
unexpected shape of the IPAm-TPD trace as well as the
seemingly inflated result for Brensted acidity. However,
observing additional m/z 41 peaks originating from regener-
ated Bronsted sites would require the retention of unreacted
IPAm in the sample. The current understanding is that any
IPAm adsorbed to weaker sites exits the sample prior to the
decomposition reaction [16, 18, 23]. According to the m/z
44 data in Fig. 3b, the unreacted [IPAm appeared to mostly
exit the sample prior to the main decomposition peaks at
approximately 200-325 °C. This would eliminate the pos-
sibility of further IPAm decomposing on regenerated Bron-
sted sites.

The unusual shape of the Zn/H-ZSM-5-50 IPAm-TPD
trace could have other explanations that do not address the
quantitative results being higher than expected. For exam-
ple, isolated Zn*" sites have been observed to interact with
propylene [55]. Interaction that would delay the release of
propylene could yield a IPAm trace with multiple peaks.
Nevertheless, the NH,-related m/z 17 trace showed similar
trends to the propylene-related m/z 41 peaks, which would
indicate some IPAm decomposition occurring at a higher
temperature and not just the detection of propylene being
delayed.
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In addition to the IPAm-TPD trace being altered by the
presence of Zn, also the NH;-TPD trace of the Zn-modified
H-ZSM-5-50 showed some changes. It could be speculated
that the interaction between the probe molecules and the
sample material is altered by the introduction of Lewis sites
in the Zn-modification, which is particularly noticeable in
the IPAm-TPD analysis. A study by Kanazirev et al. [56]
observed significant changes in the interaction of n-propyl-
amine and Ga- and In-modified H-MFI in TPD analyses.
The authors observed the release of NH; at an unusually
low temperature during the heating program, a shift in the
temperature at which propylene is released, as well as pro-
pionitrile species being present in the gas flow downstream
the sample cell [56]. The decomposition mode of the amine
was suggested to have been altered due to the formation
of complexes between Lewis acidic Ga and In cations and
n-propylamine [56].

Furthermore, Lewis acid sites have been suggested to
sever the C—N bond. Sokoll et al. [57] investigated the
adsorption of IPAm on various oxides with TPD and infra-
red spectroscopy (IR). The authors observed some IPAm
decomposition on y-Al,0; and proposed a mechanism for
the decomposition on the Lewis acidic sites [57]. They also
observed the formation of acetonitrile and methane in high
temperatures consistent with another surface reaction for
IPAm besides the formation of propylene and NH; [57]. No
further studies appeared to discuss the C—N bond scission
in amine-TPD caused by Lewis acid sites.

Only a few studies appeared to examine the interaction
between IPAm and sample materials containing both Lewis
and Brensted sites. Further work could be conducted to
explain the IPAm-TPD results of Zn-modified zeolites more
comprehensively. Such work would improve the under-
standing of [IPAm-TPD applicability as an analysis method
for the surface acidity of materials with multiple types of
acidic sites.

5 Conclusions

This work aimed to present a comparison of NH;-TPD and
IPAm-TPD as analysis methods for the acidity of zeolitic
samples. To compare the analysis results obtained with both
methods, NH;-TPD and IPAm-TPD were performed for
selected unmodified zeolites, a Zn-modified zeolite, and a
v-Al,O5 reference sample. Additionally, to further examine
the observed trends, NH;-TPD measurements were per-
formed at selected saturation temperatures for H-ZSM-5-50.

The NH;-TPD and IPAm-TPD analyses yielded typical
traces for H-ZSM-5-23, H-ZSM-5-50, and H-ZSM-5-280,
indicating that the methods were successfully applied in the
study. Further supporting this conclusion, the quantitative

acidity results of the y-Al,O; reference sample exhibited
some acidity in NH;-TPD but only minor Brensted acidity
in [IPAm-TPD, consistent with the current understanding of
v-Al,O; surface chemical properties. The quantitative acid-
ity results for the unmodified zeolites obtained in the chosen
analysis conditions appeared relatively high for both total
acidity and Brensted acidity when compared to literature
values. When compared to the theoretical acidity of the zeo-
lites estimated with the XRF-based Al content, the results of
the NH;-TPD method were systematically higher whereas
the IPAm-TPD results were systematically lower. Still, both
results showed a linear correlation to the Al content indicat-
ing that the NH;-TPD and IPAm-TPD results were propor-
tional to the theoretical amount of acid sites in the zeolites.

In this work, the quantitative NH;-TPD and IPAm-
TPD results remained similar for H-ZSM-5-50 and Zn/H-
ZSM-5-50 despite Zn-modification. However, differences
were observed in the appearance of both the NH;-TPD and
IPAm-TPD traces with significant differences observed in
the IPAm-TPD trace, suggesting a difference in surface
chemical properties. The results agreed with reports of a
potential change in the interaction of IPAm and oxide sam-
ple materials with the presence of Lewis acid sites available
in literature. The interaction could be investigated further to
provide a more comprehensive understanding of the IPAm-
TPD results of Zn-modified zeolites and the applicability of
IPAm-TPD for the analysis surface acidity when multiple
types of acidic sites are present.
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