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Abstract

The adsorption states of NH; molecules and NH;" ions on various sites, such as hydroxyl,
H" and Na", of ZSM-5 zeolites with different SiO,/Al,O; ratios were investigated by near and
middle infrared spectroscopy.  For Na'-type and siliceous ZSM-5 zeolites, only
hydrogen-bonded NHj clusters were observed at 5021 and 4519 cm™, respectively, due to the
lack of Bronsted acid sites. The NH3 molecules interacting with the hydroxyl groups easily
desorbed at room temperature (r.t.), while the molecules interacting with the Na' sites
desorbed at 473 K. For the H'-type ZSM-5, when NH; adsorption amount was small, the
NH," formed on the H sites as well as the NH; adsorbed on the H' (or possibly Al*) sites
were independently observed at 4846 and 5044 cm™, respectively. As the amount of NH;
adsorption increased, the NH," stabilized by the 2nd layer of NH; molecules as well as the
hydrogen-bonded NHj clusters were observed at 4782 and 5017 cm™, respectively. The
hydrogen-bonded NH; molecules desorbed at lower than 423 K but the NH, ions
decomposed at 573 - 623 K to form Bronsted acid sites.
Keywords: NIR spectroscopy, adsorption of NH; and NH,', Bronsted acid sites, ZSM-5

zeolite
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Introduction

Surface acidity of solid acid catalysts has been widely evaluated by NH3-TPD [1-3] and
FT-IR measurements of the NH; [4-10] or pyridine [11-14] adsorbed on the surfaces. In
recent years, the combination of IR mass spectroscopy and NH3-TPD is becoming one of the
most powerful techniques to clarify the acid sites of catalyst surfaces [15, 16]. In fact, all of
the 4 vibration modes of a NH; molecule (symmetric stretching (vi): 3337 cm™, symmetric
bending (v,): 950 cm’, asymmetric stretching (doubly degenerated) (v3): 3444 cm’, bending
(doubly degenerated) (v4): 1627 cm™) are IR active [1, 4, 8-10].  On the other hand, although
NH," also shows 4 vibration modes (symmetric stretching (vi): 3033 cm™, bending (doubly
degenerated) (v,): 1685 cm’, asymmetric stretching (triply degenerated) (v3): 3134 cm’,
bending (triply degenerated) (v4): 1397 cm'l), only its v3 and v4 modes are IR active [1, 4, 7-8,
16]. However, when NH;3 molecules and NH;" ions coexist on the catalyst surface, it is
difficult to distinguish each stretching vibration mode of NH; and NH,".  For this reason, the
v, mode of NH; or v4 mode of NH4 " are generally chosen for MIR measurements. However,
the v, mode of NHj is sometimes hidden by the large absorption of the oxide lattice at 1100 -
1000 cm™.  Moreover, many of the MIR absorptions of NH; and NH," overlap with those of
the H,O molecule.

On the other hand, near infrared (NIR) spectroscopy was first applied to measure the water
content of grains in 1960s [17]. Recently, this technique has been widely applied in many
fields such as mineralogy, food chemistry, pharmacology, and agriculture, etc [18-20]. In
general, the absorption coefficients of the overtone and combination bands in the NIR region
are about 107 times those of the fundamental vibrations in the MIR region. This advantage
of NIR spectroscopy makes it possible to analyze various samples without dilution. For
example, NH; aqueous solution shows NIR absorptions due to H,O (5200 cm™: voy + 8) and

NH; (5020 cm™: vs + vy, 4520 cm™: vy + v3) (shown in Fig. S1 in supporting information).
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Similarly, NH4C1 aqueous solution shows NIR absorptions due to H,O (5200 cm™: vop + 8)
and NH;" (4660 cm™: v3 + v4) (shown in Fig. S2 in supporting information).

In this study, NH3; molecules and NH," ions adsorbed on ZSM-5 zeolites with different
Si0,/Al,05 ratios were investigated by NIR and MIR infrared spectroscopies. Especially,
the differences between: (i) the adsorption of NH; on the silanol groups, Na” and H' sites; and
(i) formation of NH," by NHj adsorption on the H" sites have been discussed in detail.
Furthermore, the stabilization of NH4" by NHj; clusters within the zeolite cavity was

confirmed by NIR spectroscopy.

Experimental

NH4/ZSM-5 (Si0,/Al,03 = 39, Na,O = < 0.03 wt%), Na/ZSM-5 (Si0,/Al,03 = 23.8, Na,O
= 4.0 wt%) and H/ZSM-5 (SiO,/Al,0; = 1500, Na,O = < 0.01 wt%) zeolites were purchased
from Tosoh Co., Ltd (Tokyo, Japan). H/ZSM-5 (SiO,/Al,0s3 = 39) was prepared by
calcination of NH4/ZSM-5 at 723 K. The H/ZSM-5(39) was confirmed not to desorb NHj
gas by TPD measurement.

Zeolite powder of ca. 80 - 130 mg was pressed into pellet form and placed in an in-situ
FT-IR cell equipped with CaF, windows. Prior to NIR measurements, the zeolite samples
were degassed at 723 K for 1.5 h, treated in O, (ca. 3 kPa) at 723 K for 1.5 h, and then
degassed at 373 K for 1 h. Given amounts of NH3 vapor were admitted into the cell, step by
step, and the NIR absorption spectra of the NH; and NH," adsorbed on the zeolites were then
recorded in diffuse reflectance mode by a FT-IR spectrometer (JASCO, FT/IR-660Plus, TGS
detector, resolution: 4 cm™). At the same time, the MIR absorption spectra were recorded in
the range of 4000 - 3000 cm™. The baseline was calibrated with desiccated KBr powder in

the diffuse reflectance mode.
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Results and discussion

Figure 1 shows the NIR absorption spectra of the thermal decomposition process for the
NH4/ZSM-5(39) into the H/ZSM-5(39). For the NH4/ZSM-5(39) before pretreatment (1a),
three absorptions were observed at 5260, 5006 and around 4700 cm™. The absorption at
5260 cm™ can be assigned to a (voy + 0) combination band of the H,O molecule within the
zeolite cavities [6, 19]. Interestingly, although large amounts of H,O molecules were
adsorbed on the NH4/ZSM-5(39), mainly less hydrogen-bonded H,O molecules, almost in a
gas-like phase [19, 21-22], were observed. This is why the pore size of the ZSM-5 zeolite is
not large enough to form large hydrogen bond networks of H,O clusters. The broad
absorptions at 5006 and around 4700 cm™ can be assigned to the (vs + v4) combination band
of the NH; molecules [23-27] and (v, + v3) combination band of the NH, ions [28],
respectively. When the NH4/ZSM-5(39) was degassed at r.t., the absorption at 5260 cm™
decreased and the absorptions of NHj (5046 cm™) and NH;" (4700 cm™) were still unclear
(1b). When the NH4/ZSM-5(39) was degassed at 373 K, the absorption at 5260 cm’
completely disappeared and two absorptions were observed at 5035 and 4848 cm™ (Ic).
This means the H,O molecules interacted with the NH; or NH4 " desorbed at 373 K and the
latter two absorptions can be assigned to the isolated (or less hydrogen-bonded) NHj3 and
NH,4" on the zeolite surface. As the degassing temperature increased up to 573 K, the
isolated NH; and NH," decreased and two absorptions were observed at 4661 and 4375 cm™
(le). The peaks at 4661 and 4375 cm™ can be assigned to the hydroxyl groups close to AI**
(Bronsted acid sites) and the hydrogen-bonded silanol groups.  As the degassing temperature
increased up to 673 - 773 K, the isolated NH; and NH4" completely disappeared and the

absorption intensity at 4661 cm™ increased (1g). The conversion process from NH4 -type
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ZSM-5 to H'-type ZSM-5 could be directly observed by NIR measurements.

Figure S3 shows the MIR absorption spectra of the NH4/ZSM-5(39) obtained
simultaneously with the NIR spectra in Fig. 1. The NH4/ZSM-5(39) before pretreatment
showed only a broad NIR absorption spectrum due to the large amounts of H,O and NH,"
adsorbed on the surface (S3a). As the H,O molecules desorbed, three absorptions were
observed at 3740, 3374 and 3330 cm™ (S3b - S3c). The peak at 3740 cm™ is generally
assigned to an isolated silanol group [4, 6-7, 9-10]. However, the NIR absorption at 4375
cm™ clearly corresponded to the hydrogen bonded silanol groups [19, 21-22], the details of
which will be discussed in Fig. S6. The absorption at 3300 - 3400 cm™ can be assigned to
the NH stretching vibration of NH; [4, 8-10]. No information about the NH," was obtained
in the MIR region. As the NH; and NH," desorbed, two absorptions due to the silanol (3740
cm™) and Bronsted acid sites (3610 cm™) were clearly observed.

Figure 2 shows the NIR absorption spectra of the NH3 adsorption (A) and desorption (B)
processes on Na/ZSM-5(23.8). For the Na'-type zeolite after pretreatment at 723 K (2a), a
small peak was observed at 4569 cm™.  This peak can be assigned to a (vog + 9)
combination band of the isolated hydroxyl groups [19, 21-22]. As the NH; adsorption
amount increased (2b - 2¢), the absorption intensity at 5021 and 4519 cm’ monotonically
increased. These absorption peaks can be assigned to the (v3 + v4) and (v, + v3) combination
bands of the hydrogen-bonded NHj; molecules [23-27]. Even in the initial step of NHj
adsorption, the isolated NH; molecule was not observed, suggesting the formation of uniform
NH; clusters within the zeolite cavities. When the Na/ZSM-5(23.8) adsorbed with saturated
amounts of NH3 was degassed at r.t. to 423 K (2f - 2h), the absorption peaks due to the NH;
molecules monotonically decreased. Then, as the degassing temperature increased up to 473
K, all of the NH3 molecules were desorbed.

Figure S4 shows the MIR absorption spectra of the Na/ZSM-5(23.8) obtained
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simultaneously with the NIR spectra in Fig. 2. The Na/ZSM-5(23.8) after pretreatment
showed a sharp peak at 3740 cm™ (S4a). Along with the NIR absorption at 4569 cm™, the
peak is obviously related to the isolated silanol groups [19, 21-22]. However, the vop at
3740 cm™ observed for the NH4/ZSM-5(39) must be assigned to the hydrogen-bonded silanol
groups in conjunction with the NIR measurements. As the amount of NH; adsorption
increased, the NH stretching vibration modes of the NH3 molecule were observed at 3250 -
3400 cm™ (S4b - S4e). The desorption behavior of NH; closely corresponded with the
results of NIR measurements. The NH; adsorption model for the Na'-type ZSM-5 is
proposed in Fig. 3. NH; molecules mainly adsorb on the Na' sites and isolated silanol
groups to form a uniform NH; cluster within the zeolite cavity. The hydrogen-bonded NHj3
molecules with NH;---Na’ and silanol desorbed at r.t. but the NH; molecules directly
interacting with Na" desorbed at 473 K.

Figure 4 shows the NIR absorption spectra of the NH3 adsorption (A) and desorption (B)
processes on the H/ZSM-5(1500). After pretreatment at 723 K (4a), the H/ZSM-5(1500)
showed two absorption bands at 4556 and 4434 cm™, which can be assigned to the isolated
and hydrogen-bonded hydroxyl groups, respectively [19]. As the NHj adsorption amount
increased (4b - 4i), the absorption intensity at 5017 and 4505 cm™ monotonically increased.
Since Bronsted acid sites hardly exist on the H/ZSM-5(1500), the NH3; molecules mainly
interacted with the surface hydroxyl groups to form NH; clusters. ~ When the
H/ZSM-5(1500) adsorbed with saturated amounts of NH; was degassed at r.t. (4] - 40), the
NIR absorption due to the NH; molecules easily disappeared, suggesting a very weak
interaction between the NH3 molecules and the hydroxyl groups.

Figure S5 shows the MIR absorption spectra of the H/ZSM-5(1500) obtained
simultaneously with the NIR spectra in Fig. 4. The H/ZSM-5(1500) after pretreatment

showed two sharp peaks at 3725 and 3698 cm™ (S5a) which could be assigned to the isolated
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and hydrogen-bonded silanol groups, respectively [4, 6-7, 9-10]. Each MIR absorption was
closely related to the NIR absorption at 4556 and 4434 cm™ [19]. As the NH; adsorption
amount increased, the absorption due to the hydrogen-bonded silanol groups largely
decreased, followed by the isolated silanol groups. However, absorption due to the NH;
molecules was not clearly observed in the MIR region. Since the NH3; molecules easily
desorbed at r.t., the weak interaction between the NH; molecules and silanol groups was also
confirmed by MIR measurements. The NH3 adsorption model on the silica rich-type ZSM-5
is proposed in Fig. 5. In the initial adsorption step, NH; molecules adsorb onto the
hydrogen-bonded silanol and then onto the isolated ones to form a uniform NHj; cluster within
the zeolite cavity.

Figure 6 shows the NIR absorption spectra of the NH; adsorption (A) and desorption (B)

processes on H/ZSM-5(39). When the H/ZSM-5(39) was pretreated at 723 K (6a),

absorption due to the hydroxyl groups (Brénsted acid sites) was clearly observed at 4661 cm™.

In the initial stage of NH3 adsorption (6b - 6d), the (v3 + v4) and (v, + v3) combination bands
of the NH; molecules could be observed at 5044 and 4559 cm’.  These can be assigned to an
isolated NH; molecule directly interacting with the H' site or possibly AP sites (Lewis acid
sites).  After the absorption intensities at 5044 and 4846 cm™ leveled off, two absorptions
which could be assigned to the hydrogen-bonded NH; clusters were newly observed at 5017
and 4846 cm™ (6¢ - 6j). At the same time as the molecularly adsorbed NH; was observed,
the (v, + v3) combination band of a NH;" ion could be observed at 4846 cm™ and the
absorption due to the Bronsted acid sites at 4661 cm™ decreased (6b - 6h). These results
clearly indicate the formation of NH4 by NHj adsorption on the H' site. Interestingly, as
the NH; adsorption amount increased further, the (v, + v3) combination band of NH," shifted
to 4782 cm’ (6i - 6j), suggesting stabilization of the NH," ions by 2nd layer adsorption of the

NH; molecules. When H/ZSM-5(39) adsorbed with saturated amounts of NH; was degassed
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at r.t., the NH; molecules interacting with NH;" (4782 cm™) easily desorbed (6k). As the
degassing temperatures increased up to 423 K, the hydrogen-bonded NH; molecules (5017
cm™) desorbed and isolated NH; molecules (5044 cm™) were left on the H/ZSM-5(39) (6l -
6m). As the degassing temperatures increased up to 473 - 523 K, absorption due to the
Bronsted acid sites was observed again at 4661 cm™ (6n - 60). When H/ZSM-5(39) was
degassed at 573 K, the absorptions due to NH;3 (5044 cm™) and NH," (4846 cm™) disappeared
and the absorption due to the Bronsted acid sites completely recovered (6p).

Figure S6 shows the MIR absorption spectra of H/ZSM-5(39) obtained simultaneously with
the NIR spectra in Fig. 6. After pretreatment at 723 K, H/ZSM-5(39) showed two peaks at
3740 and 3612 cm™ (S6a), which can be assigned to the silanol and hydroxyl close to the AI**
sites (Bronsted acid sites), respectively [4, 6-7, 9-10]. However, since the NIR absorption

due to silanol was observed at 4375 cm™, the voy at 3740 cm™

should be assigned to the
silanol groups which may interact with the hydroxyl of the Bronsted acid sites. As the NH;
adsorption amount increased, absorption due to the Bronsted acid sites largely decreased,
followed by the silanol groups. MIR absorption due to the NHs; molecules was also not
clearly observed. When H/ZSM-5(39) adsorbed with saturated amounts of NH; was
degassed at temperatures higher than 373 K, MIR absorptions due to the Bronsted acid sites
and silanol groups recovered (S6m - S6p), corresponding to the conversion of NH;" into the
H' sites. The NH; adsorption model on the H'-type ZSM-5 is summarized in Fig. 7. It is
notable that NIR investigations make it possible to directly observe the formation of NH,;" by

NH; adsorption on the H' sites of the zeolite as well as multi-layer adsorption of the NH;

molecules.

Conclusions

NH; molecules and/or NH," ions adsorbed on various ZSM-5 zeolites were successfully
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investigated by NIR and MIR spectroscopies. For the NH, -type ZSM-5 before pretreatment,
hydrated NH; and NH," as well as less hydrogen-bonded H,O molecules were observed. As
the degassing temperatures increased up to 673-773 K, isolated NH; and NH," were desorbed
and the Bronsted acid sites were clearly observed. For the Na'-type and siliceous ZSM-5,
only hydrogen-bonded NHj3 clusters were observed since Bronsted acid sites do not exist on
their surfaces. However, the NH; molecules interacting with the silanol groups easily
desorbed at r.t., while the molecules interacting with the Na" sites desorbed at 473 K. For
the H'-type ZSM-5, the formation of NH,; by NH; adsorption on the H' sites as well as
isolated NH;3 molecules, which may interact with the H" or AP’ sites, were successfully
observed simultaneously. As the amount of NH; adsorption increased further, the NH,"
stabilized by the 2nd layer of NH; molecules as well as hydrogen-bonded NHj clusters were

formed within the zeolite cavities.
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Figure captions
Fig. 1 NIR absorption spectra of NH4/ZSM-5(39) with different degassing temperatures: (a)
before pretreatment; and degassed at (b) r.t., (¢) 373 K, (d) 473 K, (e) 573 K, (f) 673 K, and

(2) 773 K.

Fig. 2 NIR absorption spectra of: (A) NHj; adsorption and (B) desorption processes on
Na/ZSM-5(23.8); (a) after pretreatment at 723 K, (b - ¢) adsorption; (b) 0.094 - 0.001 kPa,
(c) 0.408 = 0.001 kPa, (d) 1.50 = 0.02 kPa, (e) 1.50 = 1.50 kPa, (f - i) degassed at (f) r.t.,

(2) 373 K, (h) 423 K, and (i) 473 K.
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Fig. 3 Proposed model of NH; adsorption on the Na'-type zeolite.

Fig. 4 NIR absorption spectra of: (A) NHj adsorption and (B) desorption processes on the
H/ZSM-5(1500); (a) after pretreatment at 723 K, (b - i) adsorption; (b) 0.011 = 0.000 kPa,
(c) 0.020 = 0.001 kPa, (d) 0.053 - 0.002 kPa, (e) 0.110 = 0.003 kPa, (f) 0.220 > 0.006
kPa, (g) 0.405 - 0.027 kPa, (h) 0.770 - 0.189 kPa, (i) 1.50 = 0.93 kPa, (j - o) degassed at

r.t., (j) 0.90 kPa, (k) 0.48 kPa, (1) 0.25 kPa, (m) 0.10 kPa, (n) 0.022 kPa, and (o) 0.000 kPa.
Fig. 5 Proposed model of NH3 adsorption on the siliceous zeolite.

Fig. 6 NIR absorption spectra of: (A) NHj adsorption and (B) desorption processes on the
H/ZSM-5(39); (a) after pretreatment at 723 K, (b - j) adsorption; (b) 0.023 = 0.000 kPa, (c)
0.098 = 0.000 kPa, (d) 0.193 = 0.000 kPa, (e) 0.203 -> 0.000 kPa, (f) 0.288 > 0.000 kPa,
(g) 0.392 - 0.000 kPa, (h) 0.745 = 0.001 kPa, (i) 1.50 = 0.022 kPa, (j) 1.50 = 0.316 kPa,

(k - p) degassed at (k) r.t., (1) 323 K, (m) 423 K, (n) 473 K, (0) 523 K, (p) 573 K.

Fig. 7 Proposed model of NH; adsorption on the H -type zeolite.
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Figure 3
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Figure 5
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4661 cm Bronsted acid site (OH)

4846 cm isolated NH,*

4782 cm? NH,* stabilized by NH; cluster
5017, 4505 cm! |hydrogen bonded NH; cluster

Figure 7

4661 cm1 Bronsted acid site (OH)

5044 cm? NH; interacted with H* sites
5017, 4505 cm! | hydrogen bonded NH; cluster
3740 cm? silanol interacted with B-acid site
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NH,* formed by NH; adsorption on the H* sites of ZSM-5 zeolite as well as molecularly adsorbed NH; were
simultaneously observed by near-infrared (NIR) spectroscopy. Furthermore, the formation of uniform NH; clusters
within the cavities of Na*-type and siliceous ZSM-5 were also observed.



