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Abstract 

Ammonia (NH3) has large gravimetric and volumetric H2 densities and has advantages 

as hydrogen and energy carriers. Unfortunately, NH3 is a deleterious substance. NH3 

storage technology is essentially necessary to suppress leaked NH3 in the atmosphere. 

Many kinds of NH3 storage materials, which are metal halides, borohydrides, ammonia 

borane, proton-based materials, porous materials and water have been studied. In those 

materials, water easily collects leaked NH3 because of the large diffusion coefficient of 

NH3. H+ in proton-based materials can react with lone electron pair of NH3 to form NH4
+ 

and has low NH3 vapor pressure in the atmosphere. Insoluble proton-based materials also 

can remove nitrogen (NH3-N) from NH3 water. Therefore the NH3 removal system 

combined water and insoluble proton-based materials will be candidate for the leaked 

NH3 concentration lowering in the atmosphere by suppression of water pollution. 

 

Keywords: ammonia storage materials; proton-based materials; water; ammonia removal 

system. 
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1. Introduction  

Hydrogen is produced from renewable energy by electrolysis of water and 

thermochemical water splitting. Unfortunately, hydrogen is a gas at room temperature, 

hydrogen storage materials (hydrogen carriers) are key to realize uniform renewable 

energy for global leveling. Ammonia (NH3) is easily liquefied by compression at 1 MPa 

and 298 K, and has a high gravimetric H2 density of 17.8 wt% and highest volumetric 

hydrogen density which is above 1.5 times of liquid H2 [1]. NH3 is also burnable substance. 

The theoretical hydrogen conversion efficiency of NH3 is 89.3% [1], which is close value 

to that of conventional LaNi5 alloy (88.8%).  

According to IEA report, the cost of importing NH3 from electrolytic hydrogen 

produced in Australia into Japan 2030 as a hydrogen carrier is low compared with liquid 

hydrogen and organic hydrides (methyl cyclohexane, toluene) [2]. If NH3 could be used 

by the end user without the need for reconversion, the cost would be even lower.  

Thus, NH3 has advantages as nitrogen recycling hydrogen and energy carriers for 

renewable energy [1, 2]. Unfortunately, NH3 is a deleterious substance. NH3 storage 

materials will have a key role to suppress the leaked NH3 in the atmosphere. Figure 1 

shows structure models of NH3 storage materials. These materials such as metal halides, 

porous materials and proton-based materials have been studied for energy storage [3], 

refrigeration [3], heat-pumping [3], NOx reduction [4] and hydrogen purification [5].   

In this study, safety of NH3 is considered. Then, we focused on NH3 storage materials 

as a NH3 remover. We will overview experimental and theoretical results on NH3 storage 

properties of metal halides, complex hydrides (borohydrides, ammonia borane), proton-

based materials, porous materials and water to suppress leaked NH3 in the atmosphere. 

We will also propose new concept of NH3 removal system to decrease leaked NH3 

 

Figure 1. Structure models of NH3 storage materials. 
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concentration. 

 

2. Safety of NH3  

Safety of NH3 will be classified into flammability and health hazard. The regulations 

for flammability and health hazard are defined in each region. Major standard regulations 

in each region are Japanese GHS (The Globally Harmonized System of Classification and 

Labelling of Chemicals), NFPA (National Fire Protection Association) 704 in USA, CLP 

(Classification, Labelling and Packaging of substances and mixtures) in Europe. We 

evaluated correlation between flammability and the properties of the hydrogen carriers. 

NFPA 704 defines "Fire Diamond" used by emergency personnel to quickly and easily 

identify the risks posed by hazardous materials.  

NFPA flammability of NH3 is low value of 1 because of high flash point (405 K) [6]. 

The flammability increases with decreasing of the flash point. Hydrogen and organic 

hydrides have high values of 3-4 because of lower flash points (flash point of H2: 20 K, 

flash point of methylcyclohexane: 267 K, flash point of toluene: 277 K) [6, 7]. The CLP 

and Japanese GHS flammabilities also have similar trend except the value of NH3 in 

Japanese GHS. This is due to the fact that the classification of flammability obtained by 

Japanese GHS is defined by explosive limit in air. 

 Human nose can detect NH3 at 5-20 ppm [8, 9]. American Conference of 

Governmental Industrial Hygienists (ACGIH) threshold limit value (TLV) for an 8 hour 

time weighted average (TWA) exposure is 25 ppm (18 mg/m3)[8]. NFPA health hazard 

increases with the solubility in water and the value of NH3 has high value of 3. The 

solubility of hydrogen in water is small. Thus, the health hazard of hydrogen gas obtained 

by NFPA 704 has low value of 0. Unfortunately, H2 gas cannot be used for large amount 

of hydrogen transportation.   

 
Figure 2. Fire diamonds of NH3, liquid hydrogen and organic hydrides 

(methylcyclohexane, toluene) as hydrogen carriers 
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Fire diamonds of hydrogen carriers such as NH3, liquid hydrogen and organic hydrides 

are shown in Figure 2. NFPA health hazard of liquid H2 has high value 3 because of 

suffocation death due to lack of oxygen and frostbite [10], which is the same as NH3. 

The NFPA health hazard of organic hydride (methyl cyclohexane and toluene) is 2. The 

CLP health hazards of NH3 and organic hydrides are high and similar to those in 

Japanese GHS.  

 

Figure 3 shows LC50 (50% lethal concentration, 4 h rat inhalation) of NH3 and toluene 

which is a byproduct of organic hydride [6]. The LC50 of NH3 and toluene are 7679 ppm 

and 7460 ppm, respectively [6]. Thus, it is assumed that the health hazards of these 3 

kinds of hydrogen carriers have same level. 

 

3. NH3 storage materials as a remover 

NH3 accident occurred in Japan 2014 is only in the plant facilities. The ratio of NH3 

accidents divided by the high pressure gas accidents is about 10%. All accidents with NH3 

are caused by leaks from valve, pipe and flange in the plant facilities [11]. The maximum 

NH3 vapor concentration is 2 ppm (vapor pressure: 0.2 Pa at atmospheric pressure) based 

on an offensive odor control law at industrial area in Japan [12]. This indicates that the 

required properties of NH3 storage materials as a remover are low equilibrium NH3 

pressure (plateau pressure) of 0.2 Pa and large NH3 storage capacity. 

NH3 storage materials store NH3 in the form of ammine [13], ammonium ion (NH4
+) 

[14] and NH3 molecule [15]. Metal halides and complex hydrides form metal ammine 

complex salts. Proton-based materials store NH3 in the form of ammonium ion by the 

 

Figure 3. LC50 (50% lethal concentration, 4 h rat inhalation) of ammonia and toluene. 
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coordinate bond between H+ and lone pair of electron in NH3. Porous materials adsorb 

NH3 and water absorbs NH3 in the form of molecules.  

 

3.1 Metal Halides 

Metal halides composed of metals and halogen are considered as the attractive NH3 

storage materials because they form metal ammine complex salts. NH3 is coordinated to 

the metal and is called as a ligand [13]. NH3 absorption of metal halides are expressed by 

the following equation [13, 16-34] 

 

MXm+nNH3 →M(NH3)nXm                                         (1) 

 

M: Li, Na (m=1), Mg, Ca, Mn, Co, Ni, Cu, Zn, Sr, Ba, Ag (m=2), Co (m=3), Pt (m=4) 

etc., X: Cl, Br, I, n: 1, 2, 4, 6, 8, where n is coordination number. 

NH3 absorption properties of MgCl2 have been studied due to its high NH3 storage 

capacity of 52 wt%. Figure 4 (a) shows experimental and calculated pressure-composition 

(P-C) isotherms for MgCl2-NH3 system and the structure model of the hexa-ammine 

complex salt [13, 18]. The hexa-ammine complex salt is directly formed at 293 K by 

reaction MgCl2 and NH3 without formation of mono- and di-ammine complex salts 

[Mg(NH3)Cl2, Mg(NH3)2Cl2]. This suggests the presence of large activation barrier to 

form ammine complex salts with low coordination number [18].  

 

 

Figure 4. Pressure-composition (P-C) isotherms for MgCl2-NH3 system and the 

structure model of the hexa-ammine complex salt Mg(NH3)6Cl2 [13, 18].  
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Table 1 shows theoretical gravimetric NH3 density, plateau pressure in metal halide-

NH3 systems (metal halide ammine complex salts). The gravimetric NH3 densities are 7-

62 wt%.  The calculated plateau pressure of metal ammine complex salts such as 

Mg(NH3)Cl2 , Mg(NH3)2Cl2 , Mn(NH3)Cl2, Mn(NH3)Br2 with the coordination number 

1-2 is below 0.2 Pa, which satisfies the regulation value of the offensive odor control law 

at industrial area in Japan.   

 
The plot of the logarithm of the plateau pressure against the reciprocal of the absolute 

temperature is commonly called a van’t Hoff plot. The standard enthalpy change (ΔH0) 

and the standard entropy change (ΔS0) of NH3 absorption reaction were estimated by the 

following van’t Hoff equation (2) [17]. 

 

Table 1. Theoretical gravimetric NH3 density, plateau pressure, standard enthalpy 

change and standard entropy change in metal halide-NH3 systems (metal halide 

ammine complex salts). 

* Calculated value at 298K from △H0 and △S0

Metal 
halides

Metal 
ammine 
complex

Theoretical 
gravimetric NH3

density /wt%

Plateau pressure 
/Pa(293-298K)

Standard enthalpy
change
△H0 /kJ/molNH3

Standard entropy
change
△S0 /J/KmolNH3

LiCl Li(NH3)4Cl 61.6 178000 (293K) [17,19] -34 [17] -119 [17]

NaCl - - >800000 (293K) [17,19] - -

LiF - * >800000 (293K) [17,19] - -

LiBr - - <1000 (293K) [17,19] - -

NaI Na(NH3)5I 36.2 55000 (293K) [17,19] - -

MgCl2 Mg(NH3)Cl2
Mg(NH3)2Cl2
Mg(NH3)6Cl2
Mg(NH3)6Cl2
Mg(NH3)Cl2

15.2
26.3
51.8
51.8
15.2

0.000645* (298K) [16]
0.0804* * (298K) [16]
197* * (298K) [16]
500 (293K) [18]
0.0706* (293K) [18]

-87.0 [16,22]
-74.9 [16,22]
-55.6 [16,22]
-58 [18]
-64 [18]

-135 [16,22]
-135 [16,22]
-135 [16,22]
-150 [18]
-97 [18]

CaCl2 Ca(NH3) Cl2
Ca(NH3)2Cl2
Ca(NH3)4Cl2
Ca(NH3)8Cl2
Ca(NH3)8Cl2

13.3
23.5
38.0
55.1
55.1

1.36* (298K) [16]
21.2* (298K) [16]
40300* (298K) [16]
69900* (298K) [16]
22000 (293K) [17,19]

-69.0 [16]
-63.2 [16]
-42.3 [16]
-41.0 [16]
-

-138 [16]
-142 [16]
-134 [16]
-135 [16]
-

CaBr2 Ca(NH3)8Br2 40.5 7000 (293K) [17,19] - -

MnCl2 Mn(NH3)Cl2
Mn(NH3)2Cl2
Mn(NH3)6Cl2

11.9
21.3
44.8

0.0201* (298K) [26]
3.82* (298K) [26]
2700 (293K) [17,19], 31000* (298K) [26]

-84.1 [26]
-71.1 [26]
-47.3 [26]

-154 [26]
-154 [26]
-149 [26]

MnBr2 Mn(NH3)Br2

Mn(NH3)2Br2

Mn(NH3)6Br2

7.35
13.7
32.2

0.0236* (298K) [26]
0.277* (298K) [26]
3370* (298K) [26]

-83.7 [26]
-77.0 [26]
-53.1 [26]

-150 [26]
-152 [26]
-154 [26]

NiCl2 Ni(NH3)6Cl2 44.1 60 (293K) [17,19] - -

NiI2 Ni(NH3)6I2 24.6 40 (293K) [17,19] - -

SrCl2 Sr(NH3)2Cl2
Sr(NH3)8Cl2

17.7
46.2

5800* (298K) [27]
50800* (298K) [27], 49300* (298K) [16]

-58.9 [27]
-43.4 [27], -41.4 [16]

-174 [27]
-140 [27], -133 [16]

BaCl2 Ba(NH3)8Cl2 39.6 127000 (293K) [17,19], 187000* (298K) [6] -37.7 [16] -132 [16]
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ln
𝑃
P

∆𝐻
𝑅𝑇

∆𝑆
𝑅

                                              2  

where p is the plateau pressure of metal ammine complex salt (Pa), P0 is the standard 

pressure (1105 Pa), R is the gas constant (8.314 J/Kmol), T is the temperature (K).   
Van’t Hoff plots of MgCl2-NH3 system are shown in Figure 5 (a) [22]. The standard 

enthalpy change (standard heat of formation) ΔH0 and the standard entropy change S0 

of the MgCl2 ammine complex salts calculated by Figure 5(a) were -87.0 (NH3:1-0), -

74.9 (NH3:2-1), -55.6 kJ/molNH3 (NH3:6-2), -135 (NH3:1-0), -134 (NH3:2-1), -135 

J/KmolNH3 (NH3:6-2), respectively. The absolute values of S0 are smaller than the 

reported values [230.9 (NH3:1-0), 230.3 (NH3:2-1), 230.6 J/KmolNH3 (NH3:6-2)] and the 

difference is 96 J/KmolNH3 [16, 22]. 

The van’t Hoff plots of SrCl2-NH3 system are shown in Figure 5 (b) [27]. The standard 

enthalpy change ΔH0 and the standard entropy change S0 of the SrCl2 ammine complex 

salts calculated by Figure 5(b) were -58.9 (NH3:2-1), -43.4 kJ/molNH3 (NH3:8-2), -174 

(NH3:2-1), -140 (NH3:8-2) J/KmolNH3, respectively. The absolute values of S0 are also 

smaller than the reported value (270.1, 235.6 J/KmolNH3) and the difference is 96 

J/KmolNH3 [27]. Equation (2) shows that  

 

ln
𝑃

10
∆𝐻
R𝑇

∆𝑆
R

                                       3  

 

Figure 5. van’t Hoff plots of mono-, di-, hexa-ammine phases of MgCl2, and 

di-, octa-ammine phases of SrCl2 [22, 27].   
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ln𝑃
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                                       4  

 

When the unit of pressure (P) is analyzed in Pa, it is predicted from equation (4) that 

ΔS0 shifts by 95.7 J/KmolNH3. In this paper, we revised the entropy of magnesium 

calcium and strontium ammine chlorides according to equation (4).  
Table 1 shows standard enthalpy change and revised standard entropy change in metal 

halide-NH3 systems. The absolute value of the standard enthalpy change of those metal 

ammine complex salts decreases with the coordination number. The van’t Hoff plot such 

as Mg(NH3)Cl2, Mg(NH3)2Cl2, Mn(NH3)Cl2 and Mn(NH3)Br2 with the coordination 

number 1-2 indicates that the standard enthalpy changes H0 are -64 to -87 kJ/molNH3. 

(Table 1). The revised standard entropy changes of these metal ammine complex salts are 

in the range of -97 to -154 J/KmolNH3. 

The crystal structure and dynamics of Mg(ND3)6Cl2 have been investigated by powder 

neutron diffraction and molecular dynamics [35]. The powder diffraction data can be well 

described by 4 partly occupied deuterium sites in a square arrangement around the N 

atoms, which is seemingly inconsistent with the 3-fold symmetry of the ND3 molecule. 

Molecular dynamics show highly correlated rotational and translational motion of the 

ND3 molecules [35]. It is reported from density functional theory (DFT) that the rotation 

of NH3 in the hexa-ammine complex salt requires an activation energy of 0.09 eV in the 

low temperature phase of Mg(NH3)6Cl2 and 0.002–0.12 eV in the high temperature phases, 

effectively [36]. NH3 absorption and desorption behaviors were studied for CaCl2-CaBr2 

halide mixtures with various molar ratios. The samples absorbed two molecules of NH3 

coordination [37]. The mixing effect of alkaline earth metal halides on NH3 

absorption−desorption behavior was studied. CaCl2−CaBr2 showed a pronounced NH3 

storage capacity (21.8 wt%) under the pressure-swing conditions of 60 and 10 kPa at 298 

K, which was 12.6 times as high as that of the Na form of the Y-zeolite [38]. It is well 

known that CuSO4 absorbs NH3 to form ammine complex salt in NH3 water. CuSO4 also 

react with anhydrous NH3 gas to form Cu(NH3)nSO4 (n:1-5)(NH3: 10-35 wt%)[39].  

CuSO4 absorbs NH3 vapor concentration of 0.4 ppm or less [40]. Recently, it has been 

reported that ammonium halides reversibly absorb and desorb NH3. The plateau pressure 

was 0.35 MPa [41].  
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3.1.1 Standard enthalpy difference and electronegativity of metal in metal halide-

ammonia system 

Pauling electronegativities of different elements have the following values: K(0.82), 

Na(0.93), Sr(0.95), Li(0.98), Ca(1.00), Mg(1.31), Mn(1.55), Ni(1.91) and F(3.98), 

Cl(3.16), Br(2.96), I(2.66) [42]. The lower equilibrium pressure would be obtained from 

the large electronegativity of metal elements in the metal ammine complex salts (Table 

1) [17]. Metal cation dependences of metal halide-NH3 systems (2LiCl-2NH3, 2NaCl-

2NH3, 2KCl-2NH3, MgCl2-2NH3, CaCl2-2NH3) were studied by ab initio calculations. 

Figure 6 (a) shows relation between the calculated absorption energy and 

electronegativity of the metal element [43]. The absorption energy increases with the 

electronegativity of metal. NH3 absorbs on metal chlorides (MCl) directing its N atom to 

M, and absorption energy of NH3 depends on M atoms. Anion interaction of M-NH3 (M: 

Li, Na, K, Mg, Ca) mainly comes from NH3-anion repulsion [43]. It will be considered 

that absorption energy between metal halide (MX) and NH3 increases in the order 

(MF<MCl<MBr<MI) (M: Li, Na, K, Mg, Ca etc.). Figure 6 (b) shows relation between 

the standard enthalpy change and electronegativity. The absolute values increase with 

electronegativity of Li, Ca and Mg. Those values correspond to the calculated absorption 

energy. M and lone electron pair of NH3 form coordinate bond. We found that the absolute 

value of the standard enthalpy change increases as the electronegativity of metal and 

 
Figure 6(a). Relation between calculated absorption energy and electronegativity of 

metal in 2LiCl-2NH3, 2NaCl-2NH3, 2KCl-2NH3, MgCl2-2NH3, CaCl2-2NH3, Figure 

6(b). Relation between standard enthalpy change and electronegativity of metal in 

Li(NH3)4Cl, Ca(NH3)4Cl2, Mg(NH3)6Cl2.  
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nitrogen (3.04) becomes closer.  

 

3.2 Complex hydrides 

The reaction of borohydrides with anhydrous NH3 vapor to form metal ammine 

complex salts as shown in the following equation [17, 19, 44-50] 

 

M(BH4)m+nNH3 →M(NH3)n(BH4)m                                     (5) 

 

where, M: Li, Na, Mg, Ca, n=1-6, m=3(Al), m=2(Mg, Ca), m=1(Li, Na) 

Figure 7 shows experimental pressure-composition (P-C) isotherms for NaBH4-NH3 

system [48]. NH3 absorption and desorption reactions of sodium borohydride is reversible 

at room temperature [48, 49]. There is no hysteresis behavior. The reaction is explained 

by the equation. 

 

NaBH4+2NH3Na(NH3)2BH4                       (6)  

 

NaBH4 can reversibly store 47 wt% of NH3 under NH3 plateau pressure of 90000-

96000 Pa at 293 K [17, 19, 48, 49]. KBH4 shows no NH3 absorption under 0.8 MPa NH3 

pressure (Table 2). The plateau pressures of Mg(BH4)2 and Ca(BH4)2 absorbed NH3 are 

57-2000 and 37-6500 Pa, respectively. These pressures depend on the coordination 

numbers. 

 
Figure 7. Pressure-composition (P-C) isotherms for NaBH4-NH3 system [36].  
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The gravimetric NH3 densities of borohydride-NH3, ammonia borane-NH3 systems are 

20-70 wt%, as shown in Table 2. The plateau pressure also decreases with decreasing of 

the coordination number. The lower the plateau pressure is, the higher the absolute value 

of the standard enthalpy change is. Aluminum borohydride reacts with NH3 to form 

Al(BH4)36NH3 and also exhibits ammonia storage capacity of 59 wt% [50].  

The NH3 plateau pressure of metal borohydride ammine complex salts is above 30 Pa 

which doesn’t satisfy the regulation value of the odor control law at industrial area in 

Japan.  

The standard enthalpy change (standard heat of formation) ΔH0 and the standard 

entropy change S0 of NaBH4 were -29 kJ/molNH3 and -98 J/KmolNH3, respectively. 

The ΔH0 and the ΔS0 of NH3 were -23 kJ/molNH3 and -97 J/KmolNH3, respectively [17]. 

Those absolute values of the ΔH0 for NaBH4 are large compared with NH3. The absolute 

value of S0 is similar to the standard entropy change of NH3 and is smaller than entropy 

of NH3 gas (193 J/KmolNH3) [17]. This indicates that the entropy of NaBH4 absorbed 

NH3 is similar to the value of liquid NH3. 

Figure 8(a) shows pressure-composition isotherm for NaBH4-NH3 system with NH3 

content from 0 to above 9 molNH3/molNaBH4. The NH3 vapor pressure increases above 

the NH3 content of 2. This corresponds to the solubility of NaBH4 in NH3 (solubility of 

Table 2. Theoretical gravimetric NH3 density, plateau pressure, standard enthalpy and 

entropy changes in borohydride-NH3 systems (metal borohydride ammine complex 

salts), ammonia borane-NH3 system and NH3 gas.  

 

Borohydrides,
ammonia
boraneand 
ammonia

Metal ammine 
complexes and 
ammonia borane 
absorbed NH3

/g/cm3 

Theoretical 
gravimetric 
NH3 density 
/wt%

Plateau pressure 
/Pa(293-298K)

Standard
enthalpy
change
△H0

/kJ/molNH3

Standard
entropy
change
△S0

/J/KmolNH3

NaBH4 Na(NH3)2BH4 47.4 90000 (293K) [17,48]
93000 (293K) [49]
96000 (293K) [19]

-29 [17] -98 [17]

LiBH4 Li(NH3)BH4

Li(NH3)2BH4

Li(NH3)3BH4

43.9
61.0
70.1

2000 (293K) [19]
6000 (293K) [19]
12000 (293K) [19]

-44.8 [44]
-45.2 [44]
-

-
-

KBH4 - - >800000 (293K) [17,19] - -

Mg(BH4)2 Mg(NH3)(BH4)2

Mg(NH3)2(BH4)2

Mg(NH3)5(BH4)2

24.0
38.7
61.2

57 (293K) [17,19]
96 (293K) [17,19]
2000 (293K) [17,19]

-
-
-

-
-
-

Ca(BH4)2 Ca(NH3)(BH4)2

Ca(NH3)2(BH4)2

Ca(NH3)5(BH4)2

19.6
32.8
55.0

37 (293K) [17,19]
300 (293K) [17,19]
6500 (293K) [17,19]

-52.7 [46]
-48.0 [46]
-34.9 [46]

-
-

Al(BH4)3 Al(NH3)6(BH4)3 58.8 - - [50] -

NH3BH3 NH3BH3-0.7NH3 27.9 100000 (296K) [51] - -

NH3 gas liquid NH3 100 850000 (293K) [52]
1000000(298K) [52]

-23 [17] -97 [17]
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NaBH4 in NH3: 104 g/100gNH3, NH3 content: 2.1 molNH3/molNaBH4) [53]. It has been 

reported that liquefaction of NH3 in NaBH4 between the NH3 content of 0 to 9 

molNH3/mol NaBH4 is clarified by NMR and FT-IR [49].  

Figure 8(b) shows Pressure-composition (P-C) isotherms for NH3BH3-NH3 system 

[51]. Ammonia borane also absorbs 27 wt % of NH3 under NH3 pressure of 105 Pa at 296 

K. The NH3 vapor pressure increases drastically above NH3 content of 0.7 

molNH3/molNH3BH3. This value corresponds to the solubility of NH3 in NH3BH3 

(solubility of NH3BH3 in NH3: 260 g/100gNH3, NH3 content: 0.7 molNH3/molNH3BH3) 

[54]. This indicates that NH3BH3 absorbed NH3 is liquid above NH3 content of 0.7 

molNH3/molNH3BH3.  

 

3.2.1 Standard enthalpy difference and electronegativity of metal in metal 

borohydride-NH3 systems  

Metal cation dependence of metal borohydride-NH3 systems (2LiBH4-2NH3, 2NaBH4-

2NH3, 2KBH4-2NH3, Mg(BH4)2-2NH3, Ca(BH4)2-2NH3) were studied by ab initio 

calculations [43]. Figure 9(a) shows relation between calculated absorption energy and 

electronegativity of metal elements. 
The absorption energy increases with the electronegativity. NH3 absorbs on metal 

borohydrides (MBH4) directing its N atom to M, and absorption energy of NH3 depends 

on M atoms. The absolute value also increases with electronegativity, as shown in Figure 

9(b). It is indicated that the absolute value of the standard enthalpy change increases as 

the electronegativity of metal increases, which is similar to the NH3 absorption in metal 

halides. 

 
Figure 8. Pressure-composition (P-C) isotherms for NaBH4-NH3 and NH3BH3-NH3 

systems [17, 19, 48, 49, 51-54] 

0

0.4

0.6

8420 10

0.8

1.0

0.2

6

293K

NH3 content 
/molNH3/molNaBH4

N
H

3
p

re
ss

u
re

/M
P

a

0

0.4

0.6

8420 10

0.8

1.0

0.2

6
NH3 content 
/molNH3/molNH3BH3

N
H

3
p

re
ss

u
re

/M
P

a 296K

Solubility of NH3BH3 in NH3

260g/100gNH3

=0.70molNH3/molNH3BH3

Solubility of NaBH4 in NH3: 
104g/100gNH3

=2.1molNH3/molNaBH4

(a) (b)



12 
 

3.3 Proton-based materials 

Proton-based materials including H+, react with lone electron pair of NH3 in the 

atmosphere and in NH3 water to form ammonium ion at room temperature [55-59].  

Proton-based materials can yield NH4
+ by the following equation. 

 

MHn+nNH3→M(NH4)n                                            (7) 

 

M: NH4SO4, Zr(PO4)2(H2O) 

n: 1, (NH4SO4) 

n: 2, [Zr(PO4)2(H2O)] 

  

Table 3 shows NH3 densities and standard enthalpy and entropy changes in proton-based 

materials. The solid proton-based materials such as ammonium sulfate (NH4HSO4), acid 

impregnated charcoal, zirconium bis(mono-hydrogen phosphate) monohydrate [-

Zr(HPO4)2(H2O)](-zirconium phosphate) (-ZrP) absorbed NH3 have low NH3 vapor 

pressure of 0.2 Pa or below [14, 55-57, 59].  

 

Figure 9(a). Relation between calculated absorption energy and electronegativity of 

metal in 2LiBH4-2NH3, 2NaBH4-2NH3, 2KBH4-2NH3, Mg(BH4)2-2NH3, Ca(BH4)2-

2NH3, Figure 9(b). Relation between standard enthalpy change and electronegativity 

of metal in Na(NH3)2BH4, Li(NH3)2BH4, Ca(NH3)2BH4.  
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The NH3 absorption reaction is exothermic. The standard enthalpy changes ΔH0 of the 

proton-based materials is -109 kJ/molNH3 [59]. The absolute values of the ΔH0 are large 

compared with the metal halides and metal borohydrides.  

H+ in NH4HSO4 reacts with lone electron pair of NH3 to form coordinate bond. The 

large standard enthalpy change may be due to the fact that the electronegativity difference 

between H (2.20) and N (3.04) is small compared with that between metal (Mg, Ca etc.) 

and N. The absolute value of the standard entropy change for the solid NH4HSO4 is 191 

J/KmolNH3 and similar to the entropy of NH3 gas (193 J/KmolNH3 at 298 K) [17, 59]. 

The absolute values is large compared with metal halides and metal borohydrides.  

 

3.4 Porous materials 

Materials with high surface area and porous structure seem to be very promising for 

NH3 storage. Gravimetric NH3 densities, equilibrium pressure and the standard enthalpy 

change in porous materials are shown in Table 4. The adsorption isotherm for the 

activated carbon shows Langmuir type equation. By the Clausius-Clapeyron equation, the 

standard enthalpy changes on the activated carbon are estimated to be -8 to -17 

kJ/molNH3 [60]. The absolute values are smaller than those of metal halides, complex 

hydride and proton-based materials. It has been reported that adsorption of NH3 gas on 

activated carbon is mainly based on physisorption such as van der Waals force [60].  

The standard enthalpy changes on the zeolite 13X are -30 to -49 kJ/molNH3 [62]. The 

values are similar to those of Li(NH3)4Cl, Ca(NH3)8Cl2, Mn(NH3)8Cl2, Sr(NH3)8Cl2, 

Table 3. Theoretical gravimetric NH3 density, equilibrium NH3 vapor pressure, 

standard enthalpy and entropy changes in proton-based material-NH3 system 

(ammonium ion-based materials).  

 

Proton-based 
materials

Ammonium 
ion-based 
materials

Theoretical 
gravimetric 
NH3 density 
/wt%

Equilibrium 
pressure /Pa(293-
298K)

Standard
enthalpy
change △H0

/kJ/molNH3

Standard
entropy
change △S0

/J/KmolNH3

Ammonium
hydrogen 
sulfate
NH4HSO4

Ammonium 
sulfate
(NH4)2SO4

12.9 3.5110-5 *2 (298K)
410-8 (410-9-
410-7) (298K) [14]

-109 [59] -191 [59]

Acid 
impregnated 
charcoal 

- (3.2) *1 0.01 (298K) [55] - -

-Zirconium 
bis(mono-
hydrogen 
phosphate)
monohydrate
-Zr(HPO4)2

(H2O)

-Zirconium 
bis(ammonium 
phosphate)
monohydrate
-Zr(NH4PO4)2

(H2O)

10.2(6.64
mmol/g)[56]
(10.2) *1[57] 

≈0 [56] 
0.2 [57] (293K)

- -

*1 Experimental value *2 Calculated value from △H0 and △S0
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Ba(NH3)8Cl2, Li(NH3)2BH4, Na(NH3)2BH4 and Ca(NH3)2(BH4)2. NH3 can be adsorbed 

on zeolite by electrostatic attraction [63]. 

Covalent organic frameworks (COFs) are porous crystalline materials composed of 

light elements linked by strong covalent bonds. It has been reported that a member of the 

covalent organic framework family, COF-10, shows the highest uptake capacity (15 

mmol/ g, 298 K, 0.1 MPa) of any porous material, including microporous 13X zeolite (9 

mmol/g), Amberlyst 15 (11 mmol/g) and mesoporous silica, MCM-41 (7.9 mmol/g) [64].  

Prussian blue is a historical pigment synthesized for the first time at the beginning of 

18th century. Here we demonstrate that the historical pigment exhibits surprising 

adsorption properties of gaseous NH3. Prussian blue shows 12.5 mmol/g of NH3 capacity 

at 0.1 MPa [65]. The respective capacities of cobalt hexacyanocobaltate (CoHCC) and 

copper hexacyanoferrate (CuHCF) were raised to 21.9 and 20.2 mmol/g, respectively [65]. 

The gravimetric NH3 densities of those porous materials are 0.1-27 wt%, as shown in 

Table 4.  The equilibrium pressure is 8-105 Pa, which is high compared with the vapor 

pressure of 0.2 Pa based on the regulation value of the offensive odor control law at 

industrial area in Japan. 

 

3.5 Water 

The gravimetric NH3 density in NH3 water is 32 wt% at 0.1 MPa and 298 K as shown 

in Table 4 [66]. The standard enthalpy change is -30 kJ/molNH3 [67]. In the NH3 water, 

Table 4. Gravimetric NH3 density, equilibrium NH3 vapor pressure and standard 

enthalpy change in porous materials and water.  

  

Porous materials and 
water

Experimental 
gravimetric NH3 density 
/wt%

Equilibrium 
pressure /Pa(293-
323K)

Standard
enthalpy change
△H0 /kJ/molNH3

Activated carbons 0.39 (0.15-0.62)
0.1

50 (303K) [60]
10 (298K) [61]

-8 to -17 [60]
-

Zeolite(Li-X)
Zeolite 13X

3A
Y-Zeolite

5.0
5.6 (78.8 ml/g)
3.2 (43.8 ml/g) 
10.6 (4.59-9.34 mmol/g)

8 (293K) [6]
50 (303K) [62]
50 (303K) [62]
40000 (323K) [63]

-
-30 to -49 [62]
-
-

Sepiolite 2.4 8.4 (298K) [61] -

COF-10
Zeolite 13X
Amberlyst 15
MCM-41

20.3 (15 mmol/g)
13.3 (9 mmol/g)
15.8 (11 mmol/g)
11.9 (7.9 mmol/g)

100000 (298K) [64]
100000 (298K) [64]
100000 (298K) [64]
100000 (298K) [64]

-
-
-

Prussian blue
cobalt hexacyanocobaltate
(CoHCC)
Copper hexacyanoferrate
(CuHCF)

17.6 (12.5 mmol/g)
27.2 (21.9 mmol/g)

25.6 (20.2 mmol/g)

100000 (298K) [65]
100000 (298K) [65]

100000 (298K) [65]

-
-

-

Water 32 100000 (298K) [66] -30 [67]
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positive charged H+ of H2O and N- of NH3 form hydrogen bond [13]. It is well known 

that large amount of water is a NH3 absorbent in the plant facilities [68] to suppress the 

leaked NH3 because of the large solubility [66, 67] and the large diffusion coefficient in 

water (1.510-5 cm2/sec at 293 K) [59]. The large diffusion coefficient will be based on 

the low viscosity of water 1 mPas at 293 K compared with the solid like glass (1014  Pas 

at 773 K) [69, 70]. Figure 10 (a) shows solubility of NH3 in water as a function of 

temperature [66]. The solubility of NH3 is high and 46 g/100gH2O (32 wt%) at the NH3 

vapor pressure of 0.1 MPa and 298 K (Table 4). The vapor pressure decreases with 

temperature [66].  Vapor concentration (ppm) is obtained by 10 times of vapor pressure 

(Pa). NH3 vapor concentration and NH3 concentration in the water solution have similar 

high values at 298 K as shown in Figure 10 (b) [68]. This indicates that NH3 vapor 

concentration corresponds to NH3 concentration in NH3 water.  

  

  

4. NH3 vapor pressure and NH3 storage densities. 

Figure 11 shows experimental and calculated NH3 vapor pressures of metal ammine 

complex salts, ammonium ion-based materials, porous materials adsorbed NH3, NH3 

water and NH3. The NH3 vapor pressure is in the range of 10-8 Pa to 105 Pa and is classified 

into three categories: (1) NH3 vapor pressure  0.2Pa, (2) 0.2Pa < NH3 vapor pressure  

1000 Pa, (3) 1000 Pa <NH3 vapor pressure <200000 Pa. Zr(NH4PO4)2(H2O), (NH4)2SO4, 

NH3 adsorbed impregnated charcoal, Mg(NH3)Cl2, Mg(NH3)2Cl2, Mn(NH3)Cl2 and 

Mn(NH3)Br2 have low NH3 vapor pressure of 0.2 Pa or below.  

 

 

Figure 10. Solubility of NH3 in water (NH3 vapor pressure: 105 Pa, NH3 vapor 

concentration: 106 ppm) and NH3 vapor concentration as a function of NH3 

concentration in NH3 water [66, 67].  
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The densities of (NH4)2SO4, Mg(NH3)6Cl2, Mg(NH3)2Cl2, Ca (NH3)8Cl2, Mn (NH3)6Cl2, 

Sr(NH3)8Cl2, Ni(NH3)2Cl2, Ni(NH3)2Br2, Mn(NH3)2Cl2, Mn(NH3)2Br2, Mn(NH3)6Br2, -

Zr(NH4PO4)2(H2O) and NH3 water (32 wt%) are 1.77 [59], 1.25 [24], 1.70 [19], 1.19 

[24], 1.41 [24], 1.30 [25], 2.31 [21], 3.17 [21], 2.06 [26], 2.84 [26], 1.80 [26], 2.39 [71] 

and 0.89 [59, 72] g/cm3, respectively. These materials are classified as a solid or as a 

liquid. The volumetric NH3 densities of solid materials are assumed that those packing 

ratio is 50 % [1].  

 

Figure 11. Equilibrium NH3 vapor pressure and gravimetric NH3 densities of metal 

ammine complex salts, ammonium ion-based materials, porous materials adsorbed 

NH3 and NH3 water. 
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Figure 12. Gravimetric and volumetric NH3 densities of NH3 storage materials such 

as metal ammine complex salts, (NH4)2SO4, -Zr(NH4PO4)2(H2O) and NH3 water. 
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Figure 12 shows volumetric and gravimetric NH3 densities of metal ammine complex 

salts, (NH4)2SO4, -Zr(NH4PO4)2(H2O) and NH3 water. Volumetric NH3 densities 

increase with gravimetric NH3 densities, approaching constant value of 33 kgNH3/100L. 

The volumetric NH3 densities of NH3 water at the gravimetric NH3 density of 32 wt% is 

calculated to be 28 kg NH3/100L. NH3 water has high gravimetric and volumetric NH3 

densities, although the NH3 vapor pressure is 0.1 MPa. 

 

The theoretically calculated densities of metal ammine complex salts, (NH4)2SO4, -

Zr(NH4PO4)2(H2O) and NH3 water dc can be calculated by the following addition 

relationship [1].  

 

 𝑑
𝑥 𝑀

𝑉
                                               8        

 

 𝑉
𝑥 𝑀

𝑑
                                                 9        

Here, suffix i indicates certain kinds of atoms. x, M, d and V are molecular ratio, molecular 

weight, density and volume composed of the NH3 storage materials before absorption, 

respectively. The densities of NH4HSO4, MgCl2, CaCl2, MnCl2, SrCl2, NiCl2, NiBr2, 

MnBr2, -Zr(HPO4)2(H2O), H2O and NaBH4 are 1.78, 2.33, 2.15, 2.98 3.05, 3.51, 5.10, 

4.39, 2.77, 0.997 and 1.07 g/cm3respectively [59, 73]. The molecular weights of 

NH4HSO4, MgCl2, CaCl2, MnCl2, SrCl2, NiCl2, NiBr2, MnBr2, -Zr(HPO4)2(H2O), H2O 

and NaBH4 are 115, 95.2, 111, 126, 159, 130, 219, 215, 301, 18.0 and 37.8, respectively. 

The density and molecular weight of liquid NH3 at 298 K and 1 MPa are 0.603 g/cm3 and 

17.0, respectively. The densities of (NH4)2SO4, Mg(NH3)6Cl2, Mg(NH3)2Cl2,  

Ca(NH3)8Cl2, Mn(NH3)6Cl2, Sr(NH3)8Cl2, Ni(NH3)2Cl2, Ni(NH3)2Br2, Mn(NH3)2Cl2, 

Mn(NH3)2Br2, Mn(NH3)6Cl2, Mn(NH3)6Br2, -Zr(NH4PO4)2(H2O), NH3 water and 

NaBH4-2.7NH3 system are calculated by equations (8) and (9).  

Figure 13 shows relation between experimental density of solid metal ammine complex 

salts, ammonium ion-based materials ((NH4)2SO4, -Zr(NH4PO4)2(H2O)) and the 

calculated density by addition relationship. In the same figure, experimental and 

calculated liquid densities of NH3 water (5 wt%, 0.98 g/cm3, 10 wt%, 0.96 g/cm3, 25 wt%, 
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0.91 g/cm3, NH3: 32 wt%, 0.89 g/cm3)[72] and NaBH4-2.7NH3 system [48] are also 

shown. 

The experimental solid densities of metal ammine complex salts and ammonium ion-

based materials are about 1.3 times of the calculated density, although the experimental 

density of NH3 water and NaBH4-2.7NH3 are similar to the calculated density. This 

suggests that NH3 densities in those solid materials are high compared with the liquid 

NH3 (0.603 g/cm3 at 298 K). It is presumed that the NH3 density in the material having 

low NH3 vapor pressure has high value.  

 

5. NH3 removal system combined water and insoluble proton-based materials  

Water has high NH3 storage densities of 32 wt% and 28 kg/100L among NH3 storage 

materials (Figure 12), although water has high equilibrium NH3 vapor concentration 

(Figure 11). Insoluble NH3 storage materials for the vapor concentration (vapor pressure) 

lowering in the atmosphere will be required to reduce the negative effects on the 

environment.  
CuSO4 forms metal ammine complex salt with low NH3 vapor pressure below 0.2 Pa, 

which is soluble in water [40]. Metal halides such as MgCl2 MnCl2 and MnBr2 are soluble 

in water (Solubility at 298 K, MgCl2: 56.0 g/100gH2O, MnCl2: 77.3 g/100gH2O, MnBr2: 

 

Figure 13. Experimental solid and liquid densities of metal ammine complex 

salts, -Zr(NH4PO4)2(H2O), NaBH4 absorbed NH3 and NH3 water as a function 

of the calculated densities by addition relationship.  
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151 g/100gH2O) [59] and it prevents the formation of metal ammine complex salts with 

low NH3 vapor pressure below 0.2 Pa. Complex hydrides react with water to generate 

hydrogen [74-76], as well as the NH3 plateau pressure above 30 Pa.  

Proton-based materials including proton H+, react with NH3 vapor of 0.2 Pa or below 

to form ammonium ion [55-59]. These materials are classified into soluble and insoluble 

materials in water. NH4HSO4 reacts with NH3 to form (NH4)2SO4 and is soluble in water 

(solubility at 298 K, (NH4)2SO4: 76.4 g/100gH2O). The soluble proton-based materials 

only converts NH3 into NH4
+ and cannot reduce nitrogen concentration in the water 

solution.  

Insoluble proton-based materials absorb NH3 and the equilibrium pressure is 0.2 Pa or 

below, as shown in Table 3 and Figure 11. It has been also reported that insoluble -

zirconium phosphate absorbs NH3 in water and has low nitrogen concentration (NH3-N) 

below 1ppm in NH3 water [77]. Thus, insoluble proton-based materials will be used to 

remove nitrogen from NH3 water. -zirconium phosphate [56, 57, 77], acid-impregnated 

charcoal [55, 78], proton exchanged zeolite [79] and proton-exchanged montmorillonite 

[80, 81] will be candidates as insoluble proton-based materials  

Figure 14 shows conceptive picture of NH3 removal system. This system is composed 

of water and insoluble proton-based materials. Water easily collects leaked NH3 because 

the solubility and the diffusion coefficient in water are large. NH3 molecule can easily 

diffuse to insoluble proton-based materials, and react with insoluble proton-based 

 

Figure 14. Conceptive picture of NH3 removal system combined water and insoluble 

proton-based materials. 
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materials to form insoluble ammonium ion-based materials. Then nitrogen is removed 

from water. Therefore the system combined water and insoluble proton-based materials 

will be candidate to decrease the leaked NH3 concentration by suppression of water 

pollution.  

 

6. Conclusion 

The gravimetric NH3 densities such as metal halides, complex hydrides, proton-based 

materials, porous materials and water were 0.1-70 wt%. The vapor pressure was in the 

range of 10-8 to 105 Pa. The absolute value of the standard enthalpy change increased as 

the electronegativity of metal and nitrogen becomes closer. The absolute value of the 

standard entropy change was below 200 J/KmolNH3. Among these materials, water easily 

collects leaked ammonia because of the large solubility and diffusion coefficient in water. 

Insoluble proton-based materials were recognized as an attractive NH3 storage materials 

because they have a low NH3 vapor pressure of 0.2 Pa or below, which satisfy the 

regulation value of the offensive odor control law at industrial area in Japan. It is expected 

that the NH3 removal system combined water and insoluble proton-based materials will 

be candidate to improve the health hazard of NH3. 
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