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The world is shifting toward a society that reaches zero CO,
emissions due to environmental issues.”> Ammonia is a CO,
free fuel and easily liquefied by compression at 1 MPa and 298
K, and has a high gravimetric hydrogen density of 17.8 wt% and
a highest volumetric hydrogen density that is above 1.5 times
that of liquid hydrogen.* Ammonia is also a burnable
substance. Therefore, ammonia has advantages as a hydrogen
and energy carrier for renewable energy. Unfortunately,
ammonia is a deleterious substance. As the demand for
ammonia increases, it is necessary to ensure safety. A large
amount of water is used as an ammonia absorbent when
leakage of ammonia occurs by accidents because of large
solubility in water.*-®* However, ammonia water has the higher
ammonia equilibrium vapour concentration.” Many solid-state
ammonia storage materials such as metal halides, complex
hydrides, proto-based materials and porous materials have
been studied to decrease the vapour concentration of
ammonia.*

Recently we have focused on zirconium phosphate to
suppress the release of ammonia vapour concentration because
of stable in air and water. The large ammonia absorption
capacity 10.2 wt% and low ammonia vapour concentration
below 2 ppm have been reported.* The low vapour concentra-
tion follows from acid-base reaction. X-ray diffraction indicated
that zirconium phosphate undergoes a structural change by
ammonia absorption.®® The large capacity of zirconium phos-
phate will be based on the structural phase transition by
ammonia absorption. In general, ammonia pressure—
composition-isotherm (PCI) has been used to characterize the
phase transition behaviour by ammonia absorption.* However,
this phase transition cannot be observed by ammonia PCI
measurement for zirconium phosphate because the practical
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composition-isotherm (CCl), X-ray diffraction and thermogravimetry-mass spectrometry (TG-MS). It was
clarified that the equilibrium plateau concentration appeared due to two phase coexistence.

lower detection limit of the measuring system is 1 Pa (10 ppm).*®
The ammonia vapour concentration and the ammonia
concentration in the water solution have similar values.*

In this study, ammonia absorption process of zirconium
phosphate was investigated by using ammonia concentration—
composition-isotherm (CCI), X-ray diffraction (XRD) and
thermogravimetry-mass spectrometry (TG-MS).

We used zirconium phosphate (ZrP) with layer structure (a-
zirconium phosphate, CZP-100 manufactured by Daiichi
Kigenso Kagaku Kogyo Co., Ltd., Japan). Montmorillonite also
has a layer structure. Unfortunately, the silicate layers of
montmorillonite are dispersed in water and wasn't used as
a reference. Therefore, insoluble proton-exchanged zeolite
(HSZ-331HSA, silica/alumina ratio: 6 mol mol ', specific
surface area: 600 m> g~ ', particle size: 2-3 um, manufactured by
TOSOH Co., Ltd., Japan) was used as a reference. Those samples
were used as received without further purification. The proton
exchange capacities for ZrP and the zeolite are 6.6 mmol g~
and 2.0 mmol g, respectively. The dilute ammonia water [200
(0.02 wt%) to 3000 ppm (0.3 wt%)] was prepared using the
10 wt% solution supplied from KENEI Pharmaceutical Co., Ltd.
with ion-exchanged water.

The following experiment was performed to evaluate the
ammonia storage capacity. ZrP was added to the ammonia
water having various concentrations at about 298 K. The NH;
concentration and the potential of hydrogen (pH) were
measured using ammonia meter (Orion Star A324 and Orion
9512 manufactured by Thermo Scientific Orion) and pH meter
(CyberScan pH310 manufactured by EUTECH Ins.). Lower
detection limit of the ammonia meter is 0.01 ppm.

Here, ammonia has two kinds of forms which are NH; and
NH,' in ammonia water. NH; concentration ([NH;]) was
measured by the ammonia meter. Then, NH," concentration
(INH,']) was calculated using the following equation:*

[NH,*] = % [NH;) 1)
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where K, is the base dissociation constant (K, = 1.8 x 10~ > M,
at 298 K)* and pH is the potential of hydrogen. Then, we
calculated the ammonia storage capacity (Cy) as

Csi = (INHsyr + [NHy Loy — [NHslpe + [NH'Joe) x L (2)

where [NH;]pe and [NH;],s are NH; concentration before and
after ZrP is added, [NH, ']y and [NH,],s are NH," concentration
before and after ZrP is added and L is the volume of ammonia
water.

Fig. 1(a) shows the ammonia CCI of ZrP. The ammonia
equilibrium concentration is lower than 0.01 ppm below the
ammonia storage capacity about 3 mmol g~' (1 mol NH;
per mol ZrP).

ZrP has the ammonia equilibrium plateau concentration of
ca. 1 ppm in the range from 4-6 mmol g~ " (1 to 2 mol NH;
per mol ZrP), so we found that two phases coexist in this plateau
region. The increase in the equilibrium concentration of
ammonia from 3-4 mmol g~ * will be based on the appearance
of Zr(NH,PO,), H,0 phase. Subsequently, the ammonia equi-
librium concentration drastically increases when ZrP is absor-
bed ammonia above 6 mmol g~ " (2 mol NH; per mol ZrP). This
capacity corresponds to the proton exchange capacity of ZrP
(6.6 mmol g~ ). It is suggested that ammonia is bonded to the
proton site of ZrP and form ammonium ion below 6 mmol g~*
(2 mol NH; per mol ZrP). Ammonia equilibrium concentration
increases above 6 mmol g™, since the proton site is absent.

According to ammonia CCI, we can interpret that two kinds
of ammonia absorption sites exist in zirconium phosphate,
which is shown in the formula,

Zr(HPO4)2 . Hzo + NH3 = ZI'(NH4PO4)(HPO4) . H20 (3)
ZI'(NH4PO4)(HPO4)H20 + NH3 - ZI‘(NH4PO4)2’H20 (4)

Fig. 1(b) shows ammonia CCI of the zeolite as a reference.
Ammonia equilibrium concentration is lower than 0.01 ppm
below the ammonia storage capacity of 0.7 mmol g~ '. The
ammonia concentration increases with the storage capacity
above this value. When ammonia is adsorbed up to the proton
exchange capacity (2 mmol g™ '), the ammonia concentration
becomes about 500 ppm. The plateau concentration is not
observed for the zeolite. This may be due to the fact that the
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Fig. 1 Ammonia CCI in water at about 298 K. (a) ZrP, (b) proton-
exchanged zeolite.
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zeolite has a porous structure and structural phase change does
not occur by ammonia adsorption. Ammonia can be absorbed
in ZrP by the structure change, because ZrP has interlayer
spacing and interlayer proton for ammonia movement and the
reaction.

It has been reported that the Zr(HPO,),-H,O and Zr(NH,-
PO,), H,0 has two-dimensional crystals.*® Zr(HPO,),H,0 and
Zr(NH,PO,),-H,O0 have the interlayer distance of 0.76 nm ® and
0.96 nm,’ respectively.

XRD measurement was made in order to characterize the
structures of the ZrP before and after ammonia absorption. XRD
patterns were recorded on a Bragg-Brentano diffractometer
(Rigaku RINT-2500V manufactured by Rigaku Co.) and CuKa at
tube current of 200 mA and tube potential of 40 kV. All samples
were evacuated at room temperature for 20 hours to remove
water from the surface of ZrP before XRD measurements. Each
sample was pressed at a constant load on a glass holder before
XRD measurement.

Fig. 2(a—c) show XRD patterns of ZrP, ZrP absorbed ammonia,
Zr(HPO,),"H,0 (JCPDS 00-019-1489) and Zr(NH,PO,),-H,O

(a)| 0 mol(NH;)/mol(ZrP)

A

0.2 mol(NH3)/mol(ZrP)

(b)| 1.4 mol(NH;)/mol(ZtP)

AL,
1.8 mol(NH;3)/mol(ZrP)

3 3
2" 0.6 mol(NH;)/mol(ZtP) 2" |2.0 mol(NH;)/mol(ZrP)
= =
@ 9
E N2
Zr(HPO,), - H,0

Zr(HPO,), * H,O I

I Zr(NH,PO,), * H,0

8 9 10 11 12 13 8 9 10 11 12 13
26/ degree 26/ degree

| Zr(NH,PO,), * H,O

© 0 mol(NH;)/mol(Z1P)

" h "

0.2 mol(NH;)/mol(ZrP)
N
|06 mol(NH;)/mol(ZrP)
3 — JA B
& [1.4 mol(NH;)/mol(ZtP)
& I
g 1.8 mol(NH;)/mol(Z1P)
= 12.0 mol(NH;)/mol(ZrP)
AN A AA
Z1(HPO,), - H,O I
N 1
Zr(NH,PO,), - H,0
15 20 25 30 35 40
260/ degree

Fig. 2 XRD patterns of ZrP, ZrP absorbed ammonia, Zr(HPO,),-H,O
(JCPDS 00-019-1489) and Zr(NH4PO4),-H,O (JCPDS01-071-1633),
(a) small angle XRD patterns at 26 of 8-13° (ammonia storage capacity:
0.2, 0.6 mol NHz per mol ZrP), (b) small angle XRD patterns at 26 of 8-
13°(ammonia storage capacity: 1.4, 1.8 and 2.0 mol NH3 per mol ZrP),
(c) wide angle XRD patterns at 26 of 13-40°(ammonia storage
capacity: 0—-2.0 mol NH3z per mol ZrP).
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(JCPDS 01-071-1633) of the International Center for Diffraction
Data (ICDD). Two peaks are observed for ZrP absorbed ammonia
at 1.4 and 1.8 mol NH; per mol ZrP as shown in Fig. 2(b). The peak
around 26 of 9.4° is the same as (002) diffraction of Zr(NH,-
PO,),-H,O having an interlayer distance of 0.96 nm. Bragg peaks
of the ZrP absorbed ammonia (1.4, 1.8 and 2.0 mol NH; per mol
ZrP) scattered to wide angle at 26 of 13-40° include all diffraction
peaks of Zr(NH,PO,),-H,O (see Fig. 2(c)). We confirmed the
presence of Zr(NH,PO,),H,O in the ZrP absorbed ammonia. The
interplanar spacing calculated by the broad peaks around 26 of
11.6° at 1.4 and 1.8 mol NH; per mol ZrP is similar to the inter-
layer distance 0.76 nm of ZrP in Fig. 2(a). However, according to
Fig. 1(a) in the range from 4-6 mmol g~ * (1 to 2 mol NH; per mol
ZrP) and eqn (4), the broad peak around 26 of 11.6° can be
explained by the presence of Zr(NH,PO,)(HPO,)-H,O having
smaller crystallites and defects.” The wide angle XRD patterns of
the ZrP absorbed ammonia (1.4 mol NH; per mol ZrP) show new
shoulder at 26 of 24.5° which are absent in ZrP and Zr(NH,-
PO,),-H,O (Fig. 2(c)). This new shoulder may come from the
structure of Zr(NH,PO,)(HPO,)-H,O. One possible explanation is
that two phases observed by ammonia CCI are Zr(NH,PO,)(-
HPO,)-H,0 and Zr(NH,PO,),-H,0 in the range from 1 to 2 mol
NH; per mol ZrP.

Fig. 2(a) shows the small angle XRD patterns of ZrP and ZrP
absorbed ammonia at 0.2 and 0.6 mol NH; per mol ZrP. Only
one peak is observed for ZrP absorbed ammonia. XRD patterns
of ZrP and ZrP absorbed NH; are similar except for the XRD
peaks at 26 of 24.5° and 33.3° of the ZrP absorbed ammonia
(0.6 mol NH; per mol ZrP). The new peaks suggest the presence
of Zr(NH,PO,)(HPO,)-H,O. These results can be understood by
the coexistence of ZrP and Zr(NH,PO,)(HPO,)-H,O in the range
from 0 to 1 mol NH; per mol ZrP.

Schematic representation of the two crystal phases in the
ammonia equilibrium plateau concentration is shown in Fig. 3.
The ratio of these two phases will be changed depending on the
ammonia storage capacity from 1 to 2 mol NH; per mol ZrP.

TG-MS measurement was carried out in order to obtain the
desorbed gas, desorption temperature, and the weight loss of
ZrP absorbed ammonia. TG-MS spectra were recorded on a TG
(Rigaku plus RS-8200 manufactured by Rigaku Co.) and MS (M-
QA200TS manufactured by Anelva Co.) in a flowing Ar gas (300
cm® min~") with a heating rate of 5 K min~". All samples were
evacuated at room temperature for 20 hours to remove water
from the surface of ZrP before TG-MS measurements.

Zr(NH,PO,)(HPO,)-H,0

Zr(NH,PO,),-H,0

Fig. 3 Schematic representation of two-phase co-existence in
zirconium phosphate absorbed ammonia (NHs/ZrP: 1-2 mol mol™?).
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Fig. 4 MS spectra of (a) Zr(NH4PO4),-H,O and (b) Zr(HPO,),-H,0.
Blue, purple and red lines are m/z 18, 17 and 16 curves. TG spectra of
(C) ZY(NH4PO4)2'H20 and (d) ZY(HPO4)2H20

Fig. 4(a) and (b) show the temperature dependences of mass
spectra with m/z 16 and 18 for Zr(NH,PO,),"H,O and
Zr(HPO,),-H,0. Here, the signal of m/z 18 indicates a mainly
water (H,O) and the signal of m/z 16 indicates an ammonia
(NH,"). It is noted that m/z 16 is defined as ammonia rather
than m/z 17 due to the water fragment ion effect on m/z 17. The
peaks of m/z 16 for Zr(NH,PO,),-H,O are observed around 390
K, 440 K and 610 K. It is indicated that Zr(NH,PO,),-H,O
desorbs ammonia around these temperatures. Then, the peak
area of ammonia based on m/z 16 from 350 to 460 K is the same
as the peak area of ammonia from 550 to 650 K. The peak area
corresponds to the amount of ammonia desorption. Thus,
Zr(NH,PO,), -H,O is suggested to release 1 mol of ammonia
from 350 to 460 K and 1 mol of ammonia from 550 to 650 K. The
water desorption peaks of m/z 18 for Zr(NH,PO,),-H,O and
Zr(HPO,),-H,O are observed around 390 K and 410 K, respec-
tively. The peak shift toward lower temperature of Zr(NH,-
PO,),-H,0 may be based on the interaction between water and
ammonia.

Fig. 4(c) and (d) show the TG curves of Zr(NH,PO,),-H,0 and
Zr(HPO,),-H,0. In Fig. 3(c), two main weight losses are
observed in this process. The weight loss of Zr(NH,PO,), -H,0
from 330 to 460 K is 10.5 wt% and the weight loss from 550 to
650 K is 5.1 wt%. These weight losses come from the desorption
of ammonia and water. In Fig. 3(d), the weight loss of
Zr(HPO,),-H,O is 6.0 wt% from 330 to 460 K. Thus, Zr(NH,-
PO,),-H,0 desorbs 1 mol water and 1 mol ammonia from 330 to
460 K, and desorbs 1 mol ammonia from 550 to 650 K by TG-MS
measurement. Therefore, two kinds of ammonia absorption
sites can exist in Zr(NH,PO,),-H,0, as shown in the formula,

Zr(NH4PO,),-H,0 — Zr(NH,PO,)(HPO,) + H,O + NH; (5)

Zr(NH4PO,)(HPO,) — Zr(HPO,), + NH; (6)

This journal is © The Royal Society of Chemistry 2020
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We have demonstrated that the structural phase transition
was observed using ammonia concentration—-composition-
isotherm (CCI) measurement for the first time. The structural
phase transition was confirmed by the X-ray diffraction (XRD).
In addition two kinds of ammonia absorption sites were
observed by TG-MS. Therefore, CCI is a useful method for
investigating structural phase transition as well as PCI.
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