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Abstract

Ammonia including NH;" in water bodies and gaseous NHs; has been caused serious
pollution problems, such as water eutrophication, soil acidification and PM,s, which have
potential risk to human health. Up to now, many methods have been developed to remove NH,"
from aqueous solutions, such as breakpoint chlorination, air stripping, membrane technology,
ozonation, adsorption, ion exchange etc. In the case of gaseous NHj treatment the main methods
including catalytic oxidation, biological filtration, liquid absorption and solid adsorption have
been developed. Owing to the adsorption has the advantages of low operation cost and easy
control, adsorption technology was chosen in this study.

Prussian blue (PB) and its analogues have been received considerable attention for their
great NH,"/gas sorption because they have a simple cubic and nano-scale crystal structure with
linear bridging of the octahedral metal ions by cyanide anions. More importantly, the target
adsorbent for wastewater treatment and gas sorption, respectively, can be prepared by crystal
engineering, metal substitution, and control of its vacancy density. For the NH," removal from
wastewater or digestion liquids, adsorbents with high-selectivity are essential as there are many
coexisting cations in the aqueous solution. In particular, for digestion liquids, a large capacity is
also necessary because its NH4" concentration is pretty high. For the gaseous NHs sorption from
atmosphere, PB and its analogues have been demonstrated their highest sorption capacity among
porous and open framework materials at room temperature. However, little information is
available on the NHj3 sorption performance of PB analogues under high working temperature
condition.

This study aimed to develop a new adsorbent with larger sorption capacity and high
selectivity for NH," in aqueous solutions, and to study the sorption performances of NH3 sorbent
at high working temperature, regarding sufficient capacity, stability during cycle use and less
volume change during the sorption-desorption process.

Firstly, the removal of NH," from NH4CI aqueous solutions and salty water were studied.
For NH;" sorption, a new PB analogue, namely sodium cobalt (1) hexacyanoferrate (I1)
(NaCoHCF), NayCo(ll) [Fe?*(CN)e], zH,O with high capacity and selectivity was prepared. The

adsorption performance was investigated by varying the mixing ratio (Rmix) of [Fe(CN)e]* to



Co?* during synthesis. The NH; capacity was found to be proportional to Ry, indicating that the
NH,;" capacity can be increased by increasing the Na® ion content in NaCoHCF. Furthermore,
Rmix=1.00 with homogeneous nanoparticles was prepared by flow synthesis using a micromixer.
Even in a salty solution prepared by using NaCl at a Na* ion concentration of 9,350 mg/L, the
maximum adsorption capacity (Qmax, 4.28 mol/kg) was maintained. Using Markham—Benton
analysis, the selectivity factor defined by the ratio of equilibrium constants for NH," to that for
Na® was calculated to be 0=96.2. The high selectivity of NaCoHCF results in good NH;"
adsorption performance, even from artificial seawater. In comparison with other adsorbents under
the same condition and even in the NH,4CI solution, NaCoHCF showed the highest capacity. Also,
the co-existing Na* in aqueous solution has no interference with the adsorption of NH,;" by
NaCoHCF, whereas the other adsorbents exhibited very low NH;" adsorption from the salty
solution.

Secondly, gaseous NH3 sorption/capture under a wide range of temperature was studied
using cobalt hexacyanocobaltate (CoHCCo). The comprehensive sorption performances were
studied when operation temperature varied from 20 to 250 'C. The results show that it is possible
to develop adsorbents which can be applied in the temperature swing adsorption (TSA). The
largest NH3 sorption capacity of CoHCCo were 25.2, 18.6, 8.6, and 2.1 mmol/g at 20, 100, 150,
and 250 °C, respectively. Also, the stable structure was maintained during the sorption-desorption
cycles by injecting 8 vol% NH3 gas mixed with room air.

Thirdly, to compare with the CoHCCo, another new adsorbent called zinc
hexacynanocobaltate (ZnHCCo) was developed. The isotherm test shows ZnHCCo has unique
properties, i.e. it not only has similar the same sorption capacity with CoHCCo but also adsorbed
NH;3 can be desorbed by pressure swing adsorption (PSA) process at moderate high working
temperature (100 'C). At last, the effect of air containing moderate humidity (RH: 76%) on the
NHj3 sorption performance of ZnHCCo and CoHCCo was discussed.

Results from this study indicate the adsorbents for NH,;" and gaseous NHj; treatment and
recovery were succeeded prepared. They would be useful in the field of wastewater or digestion
liquids treatment system containing high NH,4*/NHs concentration, as its largest sorption capacity,
good selectivity and recyclability.

Keywords: Prussian blue analogue; ammonium; gaseous ammonia; sorption; energy
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Chapter 1 Introduction

1.1 Environmental issues caused by NH;"/ NH3

The total concentration of ionized ammonia (NH;") and un-ionized ammonia (NH3) in water is
defined as the total ammonia nitrogen (NH3-N) [1]. The NH," can be transformed to the form of
NOs, and if the concentration of NO3-N>10 mg/L, people who drink that water would be ill or die
[2]. Moreover, excess ammonia in aquatic systems can cause eutrophication, harmful algal blooms,
anoxic in estuaries, rivers, and even in coastal oceans. Consequently, the biodiversity, biology,
fisheries, and overall ecosystem health are adversely affected by this N nutrient imbalance [3-5].
NHs-N is present in two forms in water bodies, ammonium (NH4") or ammonia (NHs), according to

the following chemical reaction.
NH; + H30+ & NH4+ +H,O0 (1-1)
NH; +OH & NHz +H,O  (1-2)

Except the problems caused by NHs-N wastewater, another problem is caused by NHj3; gas
which is always be discharged into air directly and accompanied with bad odors, and it is hazardous
to public health. As we know [6], (i) agriculture is mainly responsible for ammonia emissions,
greater than 90% coming from manure and inorganic fertilizers, (ii) ammonia is able to react in the
air with SO, and NOy, thereby forming ammonium sulphate ((NH4),SO,4) and ammonium nitrate
(NH4NO3)), which eventually leads to create PM;s that is harmful to human health, (iii) the
ammonia deposition contributes to water eutrophication and soil acidification. Hence, reduction of
ammonia emission is also important in our lives. On the other hand, up to now, the problem that
hydrogen provides extremely low quantities of energy per unit of volume as compared to the
conventional fuels used in transportation vehicles. Moreover, the development of the hydrogen
distribution infrastructure includes complicated safety issues, such as hydrogen is volatile, and has
wide flammability limits, presents high explosion danger, and its flame is invisible. Hence, the
potential of ammonia gas can be used as fuels and hydrogen alternative energy, which has received
much attention in recent years [7-9]. The main features of several fuels are shown in Table 1-1

[8], indicating NH3 has a narrow flammability range, and therefore it is generally considered non-



Table 1-1 Some features of ammonia as compared to other conventional fuels [8].

Property Gasoline  Diesel Natural gas H,  NH3

Flammability limit, volumes % in air 1.4-7.6 0.6-5.5 5-15 4-75 16-25
Auto-ignition temperature, C 300 230 450 571 651
Peak flame temperature, ‘C 1977 2053 1884 2000 1850




flammable and no explosion danger if being properly transported. In addition, NH; can be
thermally cracked into hydrogen and nitrogen using low energy, i.e., ~12% from the higher heating
vale (HHV) [10] to produce H, for fuel-cells, furthermore it is fully recyclable because it can be
made from nitrogen and water, the substances available everywhere in the environment. Another
important point is it does not generate CO, and can easily be stored and transported as a liquid
(around 8 atm at room temperature) [11].

According to the above, there are two major problems or environmental issues concerning
NH;*/NHs, one is NH;-N in aqueous solution, NH;-N should be removed properly from
wastewater before entering into aquatic systems; another is gaseous NHs;, which should be adsorbed
or captured because NH3 has bad odor and it also contributes to the water eutrophication. The
whole concept is shown in Fig. 1-1. The current techniques for the ammonium ions removal from
wastewater are shown in Fig. 1-2 [12], among them, ion exchange method was selected in this
study as it has the advantages of easily controllable and high removal efficiency. The sorbents
belonging to nanomaterial were chosen because it has the benefits of a large specific surface area.
and high surface reactivity. On the other hand, the main techniques for gaseous NHj
sorption/capture are shown in Fig. 1-3. Among them, the method of solid adsorption was selected
in this study as it has the advantages of simplicity, economy in configuration and operation. The
adsorbent of Prussian blue analogue was chosen because one of PB analogue has been
demonstrated its highest sorption capacity for NH; among the recyclable porous adsorbents up to

now at room temperature (RT).

1.2 Methods for NH," and gaseous NH3 removall
1.2.1 NH;"-N removal

The most widely used methods for ammonia removal from wastewaters are chemical
precipitation, adsorption, ion exchange, and biological nitrification/denitrification [13]. Among
these removal technologies, ion exchange as a kind of sorption method [14], has effective
performances under varying water chemistry and can be employed in centralized or decentralized
systems, which is also flexible regarding the operation mode, reactor configurations, and sequence
in a treatment train. Therefore, its advantages provide opportunities for safe, effective, and
affordable water treatment [15].

(1) Biological processes
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Biological processes are widely applied to the treatment of both municipal and industrial
wastewaters [16]. The major biological processes used for wastewater treatment can be separated
into five major groups: aerobic process, anoxic process, anaerobic process, combined aerobic-
anoxic-anaerobic processes, and pond processes. The principal application of the processes are as
below: 1) the removal of the carbonaceous organic matter in wastewater; 2) nitrification; 3)
denitrification; 4) phosphorus removal; and 5) waste stabilization [17].

Recently, anammox system has been found to be feasible and extremely suitable for treatment
of highly concentrated ammonia-containing industrial effluents. However, the main drawbacks for
anammox bacteria are their isolation in pure form and slow growth rate [18]. Hence, to make the
costs of wastewater treatment systems to be competitive, a novel microbial processes like a
combination of anammox and partial nitrification process in one reactor namely CANON process
(Complete Autotrophic Nitrogen removal Over Nitrite) was developed [19].

However, some factors can affect the biological NH,"-N removal efficiency to a great extent.

The first factor is salinity. Partial nitrification/anammox process can be successfully applied
for various wastewaters like livestock wastewater, landfill leachate, industrial wastewater etc.
However, these wastewaters as contain high salt concentration which was considered as an
inhibition factor for the biological nitrogen removal process [20]. Mosquera-Corral et al. [21]
claimed that salt concentration over 100 mM would inhibit ammonia oxidation in a SHARON
bioreactor treating fish water effluents. However, recently, marine anammox bacteria has been
enriched in continuous culture system for more than one year, which demonstrated the anammox
bacteria can inherently prefer high salt concentration and live in high salt habitats and would be
available for industrial purposes [22, 23].

The second one is temperature. Cannavo et al. [24] indicated that at temperatures below 24 <C,
nitrification stopped and methanol loading rate was decreased progressively when treating sanitary
landfill leachate containing an ammonia concentration of over 2200 mg N/L. Furthermore, the
system suffered major nitrification and denitrification inhibition at 100 <C.

Dosta et al. [25] evaluated the effects of moderately low temperatures on the stability of
anammox process, and found the system was successfully operated at temperature 18 <C. However,
when the temperature decreased to 15 <C, nitrite accumulation was observed and the system lost its
stability.



The third factor is pH. As we know, without pH control or buffers nitrification rates would
drop off very quickly due to the production of HNO,, and HNO;. The pH range preferred by
heterotrophic denitrifiers is between 5.95 and 7.9 [26], although the optimal pH level in an
anoxic/oxic membrane bioreactor with over 99.9% of nitrate removal and without accumulation of
nitrite is 7.5-8.5 [27]. The pH values beyond this range may hinder the denitrification process, but
in general, the optimal pH is site-specific due to some effects of acclimation and adaptation to the
microbial ecosystem.

(2) Adsorption

Adsorption is now recognized as an effective and economical method for ammonium ions
removal [28, 29]. There are two types of adsorption, physisorption and chemisorption. Some
adsorbents such as biochar, activated carbon (AC), zeolite with and without modification have been
trialed for removing ammonium via the water treatment process [30-35].

As the adsorption efficiency depends on the type of adsorbents, different kinds of low-cost
adsorbents have been developed and tested to remove ammonium ions. There are kinds of literature
reported on the adsorption of ammonium ion by these low-cost adsorbents, e.g. polyvinyl alcohol
(PVA) hydrogel [36], aerobic granular sludge, activated sludge and anammox granules [37, 38],
powders of leaves, stems or barks of some plants [39], municipal sludge [40]. Furthermore,
adsorbents should have good selectivity, as if resources are different, the wastewater would contain
a variety of co-existing ions, resulting in the high requirement for selectivity. That is to say, if
adsorbents do not have high selectivity, the sorption capacity in real practice would always
decrease. Hence, the selectivity of adsorbents for the target treatment substances is extremely
important.

Also, since adsorption sometimes is reversible, adsorbents can be regenerated by a suitable
desorption process [41], which makes the adsorption cost-effective in the applications.

Two main sorption isotherm models, Langmuir and Freundlich model are commonly applied.
The Langmuir model assumes that adsorption takes place at specific homogeneous sites within the
adsorbent and has been successfully applied in many adsorption processes of monolayer adsorption.
The following assumptions are considered for Langmuir model [42]:

1) The surface containing the adsorbing sites is a perfectly flat plane with no corrugations

(assume the surface is homogeneous).



2) The adsorbing gas become an immobile state.

3) All sites are equivalent.

4) Each site can hold at most one molecule of A (mono-layer coverage only).

5) There are no interactions between adsorbate molecules on adjacent sites.

In contrast, the Freundlich isotherm is the most important multisite adsorption isotherm for
rough surfaces [43].

(3) lon exchange

Along with absorption and adsorption, ion exchange is regarded as a form of sorption [14]. An
ion-exchanger in aqueous solution consists of anions, cations and water, where either the cations or
the anions are chemically bound to an insoluble matrix. The chemically bound ions are referred as
the fixed ions, and the ions of opposite charge are referred to as the counter-ions [44].

lon exchange is used in water treatment to remove the unwanted soluble ionized substances
from water [45]. Exchange sorbents are usually ion exchange resins, zeolites, clay or soil humus,
including either cation exchangers that exchange positively charged ions or anion exchangers that
exchange negatively charged ions.

The ion exchange process can be illustrated by considering an anion exchange material, in
which the counter-ion is E”. The exchanger can, therefore, be represented as M'E’, where M”
denotes the insoluble matrix material containing the fixed (positive) ion. When a solution
containing a different anion, A", is brought into contact with the ion-exchanger, an equilibrium is
established between the two mobile ions E" and A" as follows [44]:

ME + Ao MA +E, (1-3)

lon exchanges can be unselective or have binding preferences for certain ions or classes of
ions, depending on their chemical structure. It can be dependent on the size of the ions, their charge,
or their structure. Typical examples of ions that can bind to ion exchangers are as follows [46]:

1) H* (proton) and OH™ (hydroxide).

2) Singly charged monatomic ions like Na*, K*, and CI".

3) Doubly charged monatomic ions like Ca** and Mg?*.

4) Polyatomic inorganic ions like SO4*~ and PO,

5) Organic bases, usually molecules containing the amine functional group —NR,H".

6) Organic acids, often molecules containing —COO ™ (carboxylic acid) functional groups.

7) Biomolecules that can be ionized: amino acids, peptides, proteins, etc.



lon exchange has been widely applied for the removal of ammonium ions from wastewater.
However, regeneration of ion exchange resins by chemical reagents when they are exhausted,
always cause seriously secondary pollution [12]. Therefore, if the ion exchange system is not
designed and managed properly, ion exchange can provide significant disadvantages for small
potable water systems.

The Langmuir and Freundlich isotherms can also be used to model ion exchange [47].

1.2.2 Methods for gaseous ammonia sorption/capture

In the case of gaseous NHj; sorption/capture, kinds of removal methods, such as catalytic
oxidation, biological filter, liquid absorption, and solid adsorption were compared, the results of
advantages and disadvantages are shown in Table 1-2 [48-58].

Ammonia gas separation is conventionally accomplished by cryogenic distillation. However,
the method is economical only on a very large scale, since both the investment and operating costs
are high [58]. On small and medium scales, ammonia can be separated by absorption, which is a
process containing transfer of one or more species from the gas phase to a liquid solvent. However,
this technique has some drawbacks, such as difficult operability, high investment costs, and the loss
of absorbing solutions due to degradation [59].

Among these methods, ammonia gas separation by adsorption and its recovery for reuse is
considered as a heat exchange fluid in adsorption heat pumps, fuels and H, alternative energy [9,
60, 61, 62].

1.3 Adsorbents used for NH;"-N and gaseous NH3 removal

As a sorbent, whether it is adsorbing wastewater or gases, firstly, it must have high selectivity,
as co-existing ions in water bodies may decrease the sorption capacity of specific adsorbate.
Moreover, the same requirement in the case of adsorption and storage of specific gas, as the gas
stream generated from industries, is always mixed with kinds of gases. For instance, the flue gas is
composed of high concentrations of N, (>70%), H,S, SO,, and low concentration of CO, (<15%)
[63, 64], and natural gas contains high concentrations of methane (>80%), and other trace gases
[65]. Secondly, the sorption capacity of the sorbents should be considered. Thirdly, the

regenerability, in particular, is an important property for industrial applications, since some gases
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Table 1-2 Comparison among various removal methods for gaseous NHs; in ambient atmosphere.

Methods Advantages Disadvantages Ref.
Catalytic ~ Higher thermal stable, high ~ High operating temperature (i.e. [48,49]
oxidation conversion efficiency. 800-900 C). ’
The best cost-effective The reductive nature of biogas
. . control technology for constitutes unfortunately reduces
Biological . . e . X
filter simultaneous ammonia and the appllc_ablllty of _blologlcal [51-53]
odor reduction from treatment in ammonia removal
composting process. from the biogas.
Recover water-dissolvable Uneconomical for the ammonia
Liquid ammonia from air stream recovery; the operation and
) - . . [54-56]
absorption  containing up to a few per maintenance costs are relatively
cent of gas phase ammonia. high.
Sorption capacity is limited at
Solid Simplicity and economy in higher working temperature;
. A . . [50,57,58]
adsorption  configuration and operation.  structures become unstable after
sorption.
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are adsorbed very strongly on the sorbents, leading to difficulties in resource recovery and less or

one-time use of sorbent, thus high cost for operation.

1.3.1 Sorption materials for NH;"-N containing wastewater

Zeolites are the most widely used sorbents in the field of wastewater treatment and
commercial water purification, in which there are mainly two types, natural zeolite and modified
zeolite, including natural zeolite [32], Zeolite 13X [66], zeolite clinoptilolite [67], sodium
hydroxide modified zeolite [68] and NaCl-modified zeolites [69] and so on. Because microporous
aluminosilicate minerals which could be used as ion exchanger [70] are contained, and due to the
porosity and their high cationic exchange property, zeolite can be employed to free ammonia and
ammonium capture/removal.

Other sorbents, mainly consisting of organic sorbents, industrial byproducts, agricultural
wastes and synthetic materials, such as activated carbon [71], fly ash [72], chitosan beads [73], clay
minerals [74], oxide nanoparticles [75], were reported to have interesting performances. Among
these sorbents, nanoparticles, in recent years, have also aroused many concerns, such as nano zero-
valent iron, due to its small particle size (the average diameter of iron nanoparticles was in the
range of 50-100 nm), large specific surface area, and high surface reactivity [76]. Bimetallic
nanoparticles [77], the one named Fe/Cu particles which can enhance the rate of ammonium and
ammonia reduction in aqueous solution, have better properties of air stability and an optimum

reduction rate at nearly neutral pH.

1.3.2 Sorption materials for gaseous NH3 treatment

Different solid media like potting soil, peat, zeolite and activated carbon [78, 79] have the
potential ability to adsorb exhaust gases, ammonia, which is evolving during composting of
tobacco and grape waste. Besides, zeolite, alumina, silica gel, and activated carbon can be used as a
sorbent to separate ammonia from the gas streams in the ammonia manufacturing process [59, 80 ,
81].

Also, in the last decade, much attention has been paid to the applications of metal-organic
frameworks (MOFs), functional materials and catalytic activities [82, 83] in the fields of separation

[84], storage [85], and removal/capture of a certain gas [86-88]. Because of their unique chemical
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and physical properties including higher chemical versatility, ultrahigh porosity, large surface area,
and tunable structure than other porous materials, such as zeolites and activated carbons [89, 90],
which make MOFs can be rationally designed to adsorb ammonia and amines selectively. Indeed,
several research groups have recently reported MOFs for ammonia capture [91-94] and sensor [95]
applications. However, in general, MOFs are less stable than inorganic porous materials at high
working temperature or after NH3 sorption. Even several porous coordination polymers (PCPs)
showing sufficient thermal stability (>500 <C) [96], however, the stability has been reported
independently, such as MOF-177 [97], with Zn,O clusters and MOF-5 [98], and HKUST-1 [99],
consisting of Cuy-paddlewheel building units, have been reported to be unstable against ammonia
[100, 101]. More recently, the instability of other Zn,O-based PCPs against ammonia has also been
documented [102]. To the best of our knowledge, there have been only a few examples stating that
the framework structure of the MOF is maintained after the adsorption of ammonia at ambient
temperature [93, 94, 103-106]. Many MOFs were also unstable against ammonia at room
temperature (RT) or higher temperatures between 200 and 300 <C, although several MOFs were
stable up to 350 <C under an ammonia atmosphere at ambient pressure [105], the sorption capacity

was not shown.

1.4 Prussian blue families for NH;"-N/gaseous NHz adsorption

Prussian Blue Analogues (PBAs), also known as PCPs, the applications for NH,"-N/gaseous
NH; adsorption have been widely studied. Recently, one kind of PBAs called metal
hexacyanoferrate (MHCF), such as copper hexacyanoferrate (CuHCF) [107], has applied on
recovering dissolved ammonia in pure water and co-existing Na® added NaCl in solution,
respectively, showed fast adsorption kinetics and the least impact of coexisting sodium ion, hold an
impressive ammonium adsorption capacity of 1.94 mol/kg in pure water solution. The sorption
mechanism of the CUHCF is ion exchange, as NH,;" was adsorbed by exchanging with the K* ions
[107]. Therefore, to enhance the adsorption capacity, [Fe(CN)g] vacancies should be eliminated, as
the number of alkali A* ions increasing with the number of vacancies decreasing which decided by
charge balance. Another reason is the vacancy site does not play a role in NH4" adsorption. The
crystal structure of MHCF with less and high vacancy concentration is shown in Fig. 1-4. The
purple spheres represent the alkali A" and A*can exchange with the NH," in aqueous solution.
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interstitial site vacancy site
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A,M[Fe(CN)4]-zH,0 (x=0) AM][Fe(CN)q] 75-=H,0 (x=0.25)

Fig. 1-4 The crystal structure of metal hexacyanoferrate (MHCF, AyM[Fe(CN)e]1x ZH20) with
different vacancy concentrations, x. Purple spheres represent A" cations, the ion exchange species

in NH," adsorption.
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Also, utilizing PBAs as an adsorbent for ammonia sorption/detection at the conditions with
low and high concentrations has also aroused much attention [108, 109]. PB, CuHCF, and cobalt
hexacyanocobaltate (CoHCCo) in the anhydrous form [110] have been employed on the gaseous
ammonia sorption, shows 12.5, 20.2, 21.9 mmol/g of sorption capacity at RT, 0.1 MPa, especially
to the sorption capacity of CuUHCF and CoHCCo, showing the highest value among the recyclable
porous adsorbents up to now. However, the chemical state of the adsorbed gaseous NH3 depends on
the presence of the water in the atmosphere, i.e. NH3, which was stored as in the dehydrated case,
tended to be converted into NH4" in the hydrated case. Hence, developing PBAs for adsorbing
stable NH3 form by optimizing the chemical composition is necessary. Furthermore, the strategy
for the developing gaseous adsorbents of PBAs was different with those PBAs employed in
wastewater treatment. In the case of gaseous sorption/capture, the [M’(CN)g] vacancies play an
important role in sorption performance, i.e. moderate vacancies can raise the sorption capacity. The

crystal structure of Prussian blue (PB) employed in the gaseous NH3 sorption is shown in Fig. 1-5.

1.5 Objectives of this research

To effectively remove dissolved ammonia in wastewater at RT, and sorption/capture gaseous
ammonia in a wide temperature range, three sorbents, i.e. three PBAs were developed and prepared.
The adsorption and desorption behaviors of these three sorbents were studied, and possible
mechanisms were also discussed. The specific objectives are listed as follows:

(1) According to the requirements for adsorbents applied in wastewater, develop a new
adsorbent with larger sorption capacity and high selectivity for the target adsorbate.

(2) Based on the sorbent of CoHCCo that we have developed, which showed the largest
sorption capacity in ammonia gas sorption at RT compared with other traditional sorbents at the
same conditions. Further study the sorption performances of CoHCCo applied in the fields of
ammonia gas sorption/recovery containing humid atmosphere at high working temperature
processes.

(3) Developing another metal hexacyanocobaltate with lower cost than CoHCCo, make the
sorption capacity is similar with that of CoOHCCo, other differences in sorption properties between
the new one and CoHCCo are also expected, such as more stable NH; form would be kept even in

the humid atmosphere.
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Fig. 1-5 The crystal structure of PB [110].
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1.6 Originality and structure of the dissertation

A new sorbent with high sorption capacity (dmax, 4.28 mol/kg) and selectivity (a=96.2) for
NH,;*-N removal from aqueous solution, called sodium cobalt hexacyanoferrate (NaCoHCF) was
prepared, and its potential for recycling use was also demonstrated. In the case of sorption/capture
of gaseous NHs;, to my best knowledge, the CoHCCo was employed on the NHj3 sorption and
desorption process under heating conditions up to 260 <C for the first time. Besides, to compare
with CoHCCo, another new NHj; sorbent named zinc hexacynanocobaltate (ZnHCCo) was
developed. The stability during cycle use, sorption capacity, regenerability, and durability to a
humid atmosphere were studied at moderate working temperature.

Based on those above, the study was divided into three parts, and the structure of the

dissertation is shown in Fig. 1-6.
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Fig. 1-6 Structure of the dissertation
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Chapter 2 Ammonium removal from water using sodium cobalt

hexacyanoferrates with high capacity and selectivity

2.1 Introduction

Ammonium, NH,", is a widely synthesized chemical, most of which is used as a fertilizer.
This distributing ammonium is oxidized to nitrite, NO,", and then further converted to nitrate, NO3/,
in rivers, lakes, and oceans through nitrification processes. When humans and animals drink water
containing ammonia (NO3s” = 45 mg/L or NO3-N = 10 mg/L) [2], they can become ill or even die.
In aquatic systems, especially those near densely populated settlements or large-scale livestock
facilities, the high concentrations of ammonia in water cause concern. Excess ammonia in aquatic
systems can cause eutrophication, harmful algal blooms, and anoxic conditions in estuaries, rivers,
and even the coastal environment. Consequently, biodiversity, fisheries, and overall ecosystem
health are adversely affected by this N nutrient imbalance [4, 5, 111].

Various nations have set standards for ammonia in effluent or environmental water. For
example, the U.S. Environmental Protection Agency (EPA) lowered the limit in 2013 for aquatic
life in ambient water bodies to 17 and 1.9 mg/L total ammonia nitrogen one-hour and 30-day
averages, respectively [112]. China and India have also established standards for effluents of 15-50
and 50 mg/L ammonium nitrogen [113, 114]. Reducing the ammonium concentration is also
important for bio-gasification technology with anaerobic digestion because the digestion is
inhibited by high concentrations of ammonium. Depending on the conditions, 1500-5000 mg/L of
total ammonium nitrogen can cause the slow down or failure of digestion [115, 116]. For the
removal of NH," from wastewater or digestion liquids, methods for the selective removal of NH,"
are necessary because various ions coexist in these solutions.

For the uptake of NH,", removal with an adsorbent is an easily controllable and highly
efficient method. Strong acid cation (SAC) exchange resins, analogues of Amberlite IR-120 (Alfa
Aesar, UK), show the highest adsorption capacity, reaching 5.34 mol kg™ for an aqueous solution
without coexisting cations and using glass-packed bed columns [117]. Nevertheless, SAC resins
have low selectivity to NH," when other competing ions are present. He et al. studied alkaline-
activated and lanthanum-impregnated zeolites [33] and found a maximum adsorption capacity, Qmax
of 1.54 mol kg™ in a pure water solution. However, the removal efficiency, Pg, decreased from 90%
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to 36% in the presence of Na’. Soetardji et al. reported that sodium-hydroxide-modified zeolite
mordenite has gmax = 3.0 mol kg™ in aqueous solution and that Pg decreased from 81% to 66.9%
when competing with other ions [68]. Guaya et al. studied a hydrated aluminum-oxide-modified
zeolite [118], which showed gmax = 2.14 mol kg™ in aqueous solution and Pg = 12% with coexisting
Na" ions.

In an earlier study, potassium copper hexacyanoferrate, KCuHCF, has a high ammonium
adsorption capacity of 1.94 mol kg™ was found, as well as high selectivity for dissolved ammonia
[107]. The KCuHCF, one metal hexacyanoferrate (MHCF), is a Prussian blue analogue. MHCFs
have the chemical composition of AyM[Fe(CN)e]1.x ZH2O, where A and M, respectively, denote
alkali and transition metals, and x indicates the concentration of [Fe(CN)s] vacancies. With respect
to MHCFs, many researchers have studied their use in catalysis [119-121], electrodes in secondary
batteries [122-125], electrochromism [126-130], sensors [29],[132] gas storage [110, 133, 134],
photomagnets [135-137], and adsorbents for radioactive Cs* ions [138-142]. The ionic radii of
hydrated Cs and NH, are similar (3.29 and 3.31 A, respectively). Therefore, assuming a size-based
adsorption model, MHCFs could also have substantial adsorption capability for NH," [143].

Based on these considerations, in this paper, another MHCF, sodium cobalt hexacyanoferrate
(NaCoHCF) was investigated, to enhance the adsorption capacity. The most important difference
between KCuHCF and NaCoHCEF is the difference between Cu and Co (see Fig. 2-1). In the case of
KCUHCF, KCuHCF with fewer [Fe(CN)¢]* vacancies causes material instability in the aqueous
solution [144]. However, with substitution with Co, the introduction of a small number of
[Fe(CN)s]* vacancies becomes possible. Additionally, the affinity of MHCF for the mono-cation is
known to depend on the hydrated radius, implying that utilization of Na" instead of K* can increase
the NH," adsorption performance.

There are two parts in this study. The first is a composition-dependent study. Five kinds of
NaCoHCF-nanoparticles (NaCoHCF-NPs) Na,Co[Fe(CN)g]«x ZH.O, were synthesized by changing
the molar concentration ratio of the reagent solution (Rmix) using a batch method. The second part is
a detailed study of Rmix = 1.00. Quantitative analysis into the adsorption capacity and selectivity
was conducted. The changes to the crystal structure are also discussed. By comparison with earlier
studies, our NaCoHCF exhibits a very high capacity was found when using the batch-adsorption
method. Particularly for NH," adsorption from saline solutions, the benefits of NaCoHCF are

enhanced by its high selectivity. Finally, we demonstrate its potential for recyclability.
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K,Cu[Fe(CN)g], NayCo[Fe(CN)g],

Fig. 2-1 The crystal structure of metal hexacyanoferrate (MHCF, AjM[Fe(CN)g]x) with different
vacancy concentrations, x. Purple and yellow spheres represent A" cations, the ion exchange

species in NH," adsorption.

21



2.2 Experimental section
2.2.1 Synthesis of NaCoHCF-NPs

First, NaCoHCF-NPs with compositions of Nasx-,Co[Fe(CN)g]x (water omitted) were prepared
according to the following chemical reaction.
Co(NO3), + xNag[Fe(CN)g] — Nauy-2Co[Fe(CN)g]x + 2NaNO3  (2-1)

To study the composition dependence, the NaCoHCF-NPs were synthesized using a batch
method by mixing two aqueous solutions of Nay[Fe(CN)s] 10H,0 (Wako Pure Chemical Ind., Ltd.)
and CoCl, 6H,0 (special grade from Wako Pure Chemical Ind., Ltd.) with different molar
concentration ratios (Rmix = 0.50, 0.75, 1.00, 1.50, and 2.00). Here, Rnix represents the mixing ratio
of the concentration of [Fe(CN)s]* to that of Co*". The suspension was shaken using a multi shaker
(S1-300C; AS One Corp.) for 3 min at 1700 rpm and room temperature. After shaking, the slurry
solutions were centrifuged. The slurries were washed at least five times with Milli-Q water. They
were dried under vacuum at 60 <C for 48 h.

For detailed studies conducted with a fixed composition, we prepared NaCoHCF-NP samples
using a flow synthesis method to guarantee the homogeneity of the particle size and chemical
composition [138]. The NaCoHCF-NPs, denoted Flow-1.00, was synthesized by mixing 0.4 mol/L
solutions of the Nas[Fe(CN)g] 10H,O and Co(NOs), 6H,O (special grade from Wako Pure
Chemical Ind., Ltd.) in a Y-type micro-mixer with a hole of ®250 pum, as shown schematically in
Fig. 2-2. The mixed concentrations were the same as those for Batch-1.00. The flow rates of the
two solutions were set to be equal. The total flow rate was 40 mL/min. The obtained slurries were
washed using a hollow fiber rinse system (DBW-24; OCT Science Co., Ltd.) to remove the NaNOs
byproduct. Then, the NaCoHCF-NPs were dried in vacuum at 60 <C for 72 h.

2.2.2 Characterization of NaCoHCF-NPs

The crystal structures of Flow-1.00 were studied before and after NH," adsorption using an X-
ray diffractometer (D2 Phaser; Bruker Analytik GmbH, Germany) with Cu Ko (A = 1.54 A)
radiation in the 26 range of 5-60<at 30 kV and 10 mA. A Si (311) double-crystal monochromator
was used to monochromatize the incident beam while reducing the high harmonics of the
monochromatic beam. The XRD patterns were analyzed using the Pawley method to determine the

space group and the lattice constants. For adsorption, a 500 mg/L NH4" aqueous solution was used.
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Fig. 2-2 Schematic view of the synthesis of NaCoHCF by a micromixer.
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Other conditions are described in Section 2.3. The crystallite sizes were estimated using Scherrer
analysis of the XRD patterns, assuming a Scherrer constant of 0.94 [145]. Sample images were
obtained using a field-emission scanning electron microscope (FE-SEM, S-4800; Hitachi Hitec
Corp.) with 5-kV accelerating voltage after Pt—Pd coating using an ion sputter coater (E-1030;
Hitachi Ltd., Japan). The chemical compositions were determined using a Microwave Plasma-
Atomic Emission Spectrometer (MP-AES, 4100; Agilent Technologies Inc., USA) with pre-
decomposition using microwaves (MW, Multiwave 3000; PerkinElmer Inc., USA). The hydration
numbers in each sample were ascertained through thermogravimetric analysis (Thermo Plus EVOZ2;
Rigaku Corp.). The specific surface areas of Flow-1.00 was estimated by fitting the Brunauer,
Emmett, and Teller (BET) equation to the N, adsorption isotherms obtained at 77 K. The pre-

treatment condition was 100 °C for 24 h.

2.2.3 NH," adsorption test

To evaluate the composition dependence, a batch-shaking method was used to evaluate the
NH,4" adsorption capacity of the NaCoHCF-NPs. The method was conducted as follows: 40 mg of
an NaCoHCF sample (Batch-0.50, 0.75, 1.00, 1.50, and 2.00) was added to a 40 mL aqueous
solution of NH4CI with a NH," concentration of 90 mg/L. The suspension was shaken using a multi
shaker (S1-300C; AS One Corp.) at 600 rpm for 180 min at 30 <C. After shaking, the supernatant
was obtained via centrifuging and further separation using a 0.45-um filter (MCE syringe filter;
Membrane Solutions). The NH;" concentration in the supernatant was evaluated using ion
chromatography (IC, 883 Basic IC plus; Metrohm AG).

For a detailed study using a fixed composition, the conditions were the same except that the
NH;" concentration was changed to 1-1000 mg/L in the NH4Cl aqueous solution and saline
solution. The saline solution was prepared with 9350 mg/L of Na* ions (NaCl, special grade from
Wako Pure Chemical Ind., Ltd.), where the Na* concentration was set to match that of Daigo’s
artificial seawater SP (Wako Pure Chemical Ind., Ltd.), 9348 mg/L.

For comparison, the NH,"™ adsorption properties of synthetic zeolite (A-3, powder, through 75
um, Wako Pure Chemical Industries Ltd.), sepiolite (Omi Mining Co., Ltd., Japan), and Amberlite
IR-120 (H) (Alfa Aesar, UK) were also investigated. All samples were produced with no
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pretreatment, such as drying, before the adsorption testing. The NH4" concentrations in the aqueous
NH,CI and in the saline solution were both set to 500 mg/L. To remove the effects of Na™ from the
NH,;" measurements, all saline solutions were diluted and distilled to trap only NH4" ions before
measurement by IC. When the concentration of NH,;" was higher than 150 mg/L after distillation,
the solutions were diluted five times for IC measurement. Other solutions were measured directly
by IC.

2.2.4 Evaluation of recyclability

The potential for recyclability was also investigated. The experimental setup is shown in Fig.
2-3. A membrane filter with NaCoHCF-NPs was prepared for the flow test. The Flow-1.00 powder
was mixed with 2 mL Milli-Q (3.76 mg/mL) using an ultrasonic cleaner (W-113MK-II; Honda).
Then, 100-uL solutions were dropped on the membrane filter (25 mm, 0.45 pm pore size,
JHWP01300; Merck), followed by drying at 60 <C for 2 min. Thus prepared, the solutions were set
on a circular plastic plate of @25 mm with a hole of ®5 mm in the middle. They were pasted on the
film for effective adsorption—desorption. An FT-IR spectrometer (iD1 transmission iS5; Nicolet
Biomedical Inc.) was used to confirm adsorption and desorption of NH,". For the adsorption test,
the NH," solution of 500 mg/L was flowed through the NaCoHCF-NP-dipped membrane for 30
min at the rate of 0.2 mL/min. For the desorption test, a NaCl solution of 5 mol/L was similarly

flowed for 2 h at a rate of 1 mL/min.

2.3 Results and discussion
2.3.1 Composition dependence

The dependence of the chemical composition on the mixing ratio, Rmix, is presented in Table
2-1. For Rmix<1.00, x is an almost equal to Rmix. The value of y, the number of Na" ions in
NaCoHCF, also increased. In contrast, when Rnmix>1.00, the chemical composition was almost
unchanged, demonstrating that the composition can be controlled by changing the reaction Rpx to X
<1.

The crystal structure of NaCoHCF depends on the chemical composition (see Fig. 2-4). When
Rmix > 1.00, the crystal structure is rhombohedral (R3), as reported [146, 147]. On the other hand,
the structure for Ryix = 0.50 is unclear. Earlier reports described the space group as monoclinic
(P2/m or P2,/m) [148] or cubic (Pm3m) [149, 150]. In our case, the XRD pattern is explained as
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Fig. 2-3 Schematic view of the experimental setup for the investigation of the recyclability.
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Table 2-1 The mixing ratio, Rmix, in synthesis and the chemical compositions and crystal structure
of the NaCoHCF-NP samples.

Samples Rmx X Yy 2 Chemical compositions ngﬁg ald) bR cA
P2./m 11.83 9.52 7.47
Batch-0.50 0.50 0.57 0.49 3.64 NagC01oo[Fe(CN)eloss 3.64H,0
R3c 12.77 1277 29.06
P2,/m 11.66  9.27 7.28
Batch-0.67 0.67 0.63 0.74 3.41 Na0,74C01,00[Fe(CN)5]0,53 '341H20
R3c 1297 1297 25.77
Batch-1.00 1.00 0.87 1.65 2.84 Na;esC0100[Fe(CN)glos7 2.84H,0  R3c 7.43 7.43 17.46
Batch-1.33 1.33 0.90 1.71 3.00 Na; 71C0100[Fe(CN)sJoso 300H,0 R3c  7.45  7.45 17.45
Batch-2.00 2.00 0.90 1.75 3.36 Na;75C0100[Fe(CN)glooo 3.36H,O0 R3¢ 7.43 7.43 17.46
Flow-1.00 1.00 0.82 1.46 3.79 Na;C0:oo[Fe(CN)closo 3.79H,0 R3¢ 7.39  7.39  17.55
Flow-1.00
1.00 Fm3m 10.16 10.16 10.16
after ads.
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Fig. 2-4 XRD patterns for batch samples. “Si” represents the peak corresponding to the Si powder

mixed to the sample for the angle standard.
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a mixture of R3c and P2;/m structures, as shown in Table 2-1. The NaCoHCF with Ryix = 0.67 is

also explainable as a mixture. Such a mixture could be the result of the batch synthesis because
homogeneous synthesis is difficult using the batch method, resulting in the fluctuation of the
chemical composition.

Fig. 2-5(a) shows that the NH4" adsorption capacity improved with increasing Rmix. The
amount of adsorbed ammonia of Batch-2.00 is about twice that of Batch-0.5. Fig. 2-5(b) shows that
the amount of Na* from the adsorbent has an almost linear correlation with the NH," adsorption
amount, indicating the NH," adsorption occurred through ion exchange with Na*. These results
demonstrate that the increase in the Na* composition in NaCoHCF enhances the NH," adsorption
capacity, and that NaCoHCEF retains its structure even after long-term shaking in water. However,
for Rmix > 1.00, the adsorption capacity increased by only 2.9-3.9% from Rpix = 1.00 because the

upper limit of x is 1.0.

2.3.2 Detailed study with flow-synthesized NaCoHCF with Rpix=1.00

Based on results of the composition dependence of the NH," capacity, we chose to conduct a
detailed study of NaCoHCF-NPs with Ryix = 1.00 because we obtained the desired chemical
composition by using this value of Rnix and because it showed sufficiently high capacity. For our
detailed study, we used the flow-synthesized sample, Flow-1.00, to avoid the fluctuation of the
chemical composition and particle size. Table 2-1 shows that the chemical composition of Flow-
1.00 is almost identical to that of Batch-1.00. The adsorption kinetics was studied at an initial NH,"
concentration of 500 mg/L, 30 <C, and at 600 rpm for 8 h (see Fig. 2-6). The results showed that
the NH," adsorption was almost completed in 30 min. Such fast adsorption is similar to the case of
KCuHCF [107].

Using BET analysis, we estimated the surface area to be 53 m%g, which is also comparable to
that of Batch-1.00, 46 m?/g. The N, isotherms are shown in Fig. 2-7. Both values are not very high
because the interstitial sites of NaCoHCF are filled with Na®, preventing the penetration of Na* into
the porous network in the crystal. The average pore size was estimated to 31 nm for Flow-1.00,
consistent with the size of the crystallites, as shown later.

After NH," adsorption, the crystal structure was maintained, except for a slight trigonal

distortion. Fig. 2-8 shows the XRD patterns obtained before and after NH," adsorption. Some
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Fig. 2-6 Adsorption kinetics of ammonia onto Flow-1.00 at 30 <C. Initial NH;" = 500 mg/L,
temperature = 30 <C, solid/liquid =1:1000, 600 rpm. Dilution x500. The standard deviation is so
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(a) Before NH,~adsorption (b) After NH, " adsorption

Fig. 2-9 SEM images of Flow-1.00 (a) before and (b) after adsorption of 500 mg/L NH," in pure

water solution.

34



splitting of the Bragg peaks is apparent. The slight structural transformation observed is the same as
that in the case of ion exchange between Na* and K [147]. Before adsorption, NaCoHCF had a
rhombohedral (R3c) structure. However, after NH," adsorption, it changed to a cubic lattice
(Fm3m; Z = 4). Thus, the ion exchange reversibly changed the structure.

No nanoparticle degradation occurred during adsorption. The crystallite sizes estimated by
Scherrer analysis of the XRD patterns (Fig. 2-8) before and after sorption were, respectively, 37.9
and 51.7 nm. This result is consistent with the SEM images in Fig. 2-9. The particle sizes estimated
using SEM images were 33 + 10 and 47 + 13 nm. The data indicate no degradation, but there is a
possibility of some particle growth. The reason for the growth remains unclear, but it could be due
to the immobilization of the Co?* and [Fe(CN)s]* ions eluted from the adsorbent onto the adsorbent.
If so, the adsorbent would retain the eluted species. The surface morphology in SEM images shows
no marked change after adsorption.

Fig. 2-10 shows the NH,4" adsorption isotherms in aqueous NH,Cl solution and that in aqueous
saline solution. In the saline solution, the concentration of the Na* solution was set to 9350 mg/L,
the same as that of artificial seawater. The curves fit to the Langmuir, Freundlich, and Markham-
Benton equations are also shown in Fig. 2-10. The fitting parameters for each equation are shown
in Table 2-2.

The Langmuir equation is given by

Cem 1 Cot—r\ (2-2)

de dmax € Kqmax

where Ce, 0e, Omax, and K respectively represent the NH," concentration in solution at
equilibrium, loaded NH," in the adsorbent, maximum adsorption capacity, and the equilibrium
constant. The same data are also shown with other axes in Fig. 2-11, and the adsorption behavior
fits the Langmuir equation well. We also carried out fitting to the Freundlich equation,

ge = K¢ C'. (2-3)

For the Freundlich equation, only the region where the loaded NH," concentration was less
than 1.95 mol/kg, about a half the maximum capacity, was considered because the Freundlich
equation is only suitable far from saturated loading. However, in this region, the Freundlich
equation also well reproduced the experimental data.

For a more quantitative evaluation of the effect of the coexistent Na* ions, we also considered

the Markham-Benton model for a solution with multi-alkali cations. As a type of extended
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Fig. 2-10 Adsorption behaviour of NH," by the flow-synthesized NaCoHCF with Ryix = 1.00 with
curves fit the Markham-Benton (solid lines), Langmuir (broken line), and Freundlich (dotted line)
equations. The experimental points are represented by closed circles. Black and red symbols

represent an NH,Cl aqueous solution and salt water, respectively.
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Table 2-2 The fitting parameters with the Langmuir, Freundlich, and the Markham—Benton

equations for the NH," adsorption using the flow-synthesized NaCoHCF with Rpix = 1.00.

Langmuir Freundlich Markham—Benton
NH,Clyq Salt water NH,Clyq Salt water NH,Cl,, & Salt water
K Omax K Omax K 1/n Ks 1/n Omax K K’

(L/mol) (mol/kg) (L/mol) (mol/kg)

13.99 3.97 0.28 4.28

(mol/kg) (mol/kg)

22.27  0.77 0.82 0.96

(mol/kg) (L/mol) (L/mol)

4.36 24.84 0.26
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Fig. 2-11 Adsorption behaviour of NH," by flow-synthesized NaCoHCF at Ryix=1.00 in NH,CI
aqueous solution and salty aqueous solution with the fitting curves by Langmuir liner model. The
adsorption test was done under mixing for 3 hours with 600rpm at 30°C. The adsorbent was added

to the solution at the concentration of 1-1,000 mg/L.
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Langmuir equation, the Markham—-Benton equation [151] was used to examine adsorption
isotherms for multiple components to estimate the ease of desorption of the adsorbents. The results
also provide some understanding of the selectivity of the sorbents for some ions. The Markham—

Benton equation is

_ QmaxKCe
Qe = Tikc,+xCry’ (2-4)
e e

where C, de, and K respectively represent the NH," ion concentration in equilibrium, the
adsorption capacity, and the equilibrium constant. C'. and K’ respectively denote the Na* ion
concentration in equilibrium and the equilibrium constant.

Considering the Na'-ion exchange for NH," ions, i.e., even in NH4CI aqueous solution, an
equal amount of Na* ions would be exchanged out, adversely affecting the adsorption capacity.
When we consider both sources of Na* ions (those in NaCoHCF and that in the solution), the

equation can be expressed by as

—(1+KCe+K'C'0)+\/(1+KC3+K'C’0)2+4K’%Qmache

de = ) (2'5)

m
2K'S;

where C’o, m, and V respectively denote the initial Na* ion concentration in solutions,
adsorbent mass, and solution volume.

The fitting parameters, Ogmax, K, and K’, are shown in Table 2-2. Fig. 2-10 shows that the
experimental data were well fitted using the Markham-Benton model. Again, with the Markham-
Benton model, we use the same parameter set for NH4Cl() and the saline solutions. A selectivity
factor, a, defined by the ratio of equilibrium constants for NH," to that for Na* was calculated to be
o = 96.2, indicating the high selectivity of NH," against Na".

Such high selectivity is expected to lead to extremely high capacity, even in an aqueous saline
solution. To clarify the high capacity of NaCoHCF among the various adsorbents, we used two
approaches. First, we surveyed and compared results with those of earlier studies, and we also
conducted experimental investigations to assess the adsorption capacity of adsorbents in identical
conditions. For the literature survey, we picked reports of adsorption tests carried out using a batch
style because column-style tests generally report higher capacities, rendering a comparison of
results difficult between batch-style tests and column tests.

Information from earlier studies is presented in Table 2-3 for the adsorption capacity of
adsorbents for NH," from aqueous solution in batch style, indicating that the NaCoHCF (Flow-1.00)
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capacity exceeds that of all earlier reports. However, as described above, SAC resins have been
reported to have high capacities, although these values were achieved using the column method
without coexistent cations. For comparison under the same conditions, we evaluated the respective
adsorption capacities of a synthetic zeolite, Amberlite IR-120(H) as a representative SAC, sepiolite,
and NaCoHCF (Flow-1.00). Even in the NH4Cl aqueous solution (500 mg/L-NH,), NaCoHCF
exhibited the highest capacity, whereas Amberlite adsorbed only 1.29 mol kg™. This result is due to
the difference between column and batch tests. In principle, in batch tests, a higher selectivity is
required than in column tests because the cations are exchanged into the solution on the adsorption
of NH;" and remain in the system. The benefits of NaCoHCF were amplified in the case of aqueous
saline solution with 9350 mg/L-Na and 500 mg/L-NH,. Fig. 2-12 shows that NaCoHCF has an
adsorption capacity that is almost identical to that of the case without Na*, whereas the other
adsorbents showed little adsorption.

Although our main aim, the preparation of an NHs-adsorbent with high capacity and high
selectivity, has been achieved, the recyclability of the adsorbent is also important for practical use.
Therefore, finally, we demonstrate the potential for recyclability by attempting desorption tests. Fig.
2-13 shows that the adsorption—desorption—adsorption process was confirmed by measuring the
infrared absorption corresponding to NHg-vibration mode at around 1415 cm™ [107]. Using the
continuous flow of NaCl solution for desorption, the peak height was found to decrease to 28% the
original value before flow, indicating the potential for NaCoHCF recyclability. Because perfect
desorption was not achieved, the optimization of the desorption process is necessary to confirm

recyclability.

2.4 Summary

NayCo[Fe(CN)s]x-zH,O (NaCoHCF) were synthesized using a batch method with variation of
the chemical composition. Synthesis was also done using a flow method with fixed composition.
The adsorption capacity increased by decreasing [Fe(CN)¢] vacancies with material stability in
water. Such stability is a point that differs from copper hexacyanoferrate (KCuHCF). The NH,"
adsorption performance was compared with other high-capacity adsorbents in the same conditions:
zeolites, ion exchange resin, and sepiolite. Results show that NaCoHCF exhibited the highest
capacity in NH4Cl aqueous solution. Using salty aqueous water with Na* concentration of 9,350

mg/L, the NaCoHCF benefits are enhanced drastically. The Markham—Benton model showed high
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selectivity for NH," against co-existing Na*. Finally, ammonium desorption from the adsorbent was
demonstrated using NaCl aqueous solution.
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Table 2-3 NH4" adsorption capacities of adsorbents in aqueous solutions evaluated in batch

experiments reported in the literature.

Maximum capacity

Adsorbent a1 Model Ref.
(mol kg™)
Alkaline activated and Ia}nthanum—impregnated 154 [33]
zeolite
Sodium hydroxide modified zeolite mordenite 3.0 [68]
Natural zeolite 2.36 [118]
Modified natural zeolite 2.14 [118]
Dowex 50w-x8 2.64 Langmuir [152]
Sepiolite 3.70 [153]
Carbon nanotubes 0.95 [154]
Poly ligand exchanger resin 2.51 [155]
Cation exchange resin 0.81 [156]
KCuHCF 1.94 [107]
NaCoHCF (Flow-1.00) 4.36 Msrkham- This study
enton
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Fig. 2-12 Adsorption capacity of various adsorbents in NH4CI aqueous solution (500 mg NH,"/L)

and saline solution with a concentration fixed at 9350 mg Na/L.
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Fig. 2-13 FT-IR spectra showing the changes in the peak-height of NH4* adsorbed onto Flow-1.00

after sorption and desorption.
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Chapter 3 Adsorption and desorption of gaseous ammonia by Prussian Blue

Analogue Cos[Co(CN)s], at high working temperatures

3.1 Introduction

Ammonia, NHs, in the atmosphere causes various issues, such as bad odour and corrosion in
industry, agriculture, and museums. In particular, we are concerned with the small particulate
matter, such as PM s, in air, because NHj3 is known as a precursor of secondary inorganic aerosols,
e.g., ammonium sulphate ((NH4).SO,) and ammonium nitrate (NHsNO3). NH3 is considered to play
an increasingly dominant role in PM, s formation [157]. In order to solve and suppress these issues,
the EU decided on a target of 19% reduction in NH3 emissions by 2030 or later [158] in
comparison with 2005. However, between 2014 and 2015, emissions increased by 1.8% [159]. On
the other hand, China is the largest source of NH; emissions in the world, emitting over 15 Tg NHs-
N yr ' in 2010, due to its low agricultural nitrogen use efficiency (NUE) in crop and livestock
production [160, 161].

Hence, how to reduce NHj3; emission, i.e. how to effectively capture NHj3; under mild
conditions, e.g., at room temperature (RT), has been getting considerable attention during the past
few decades [110, 162-164]. Among these studies, the sorption method is widely accepted as an
easy and cost-effective method to capture NH3 gas with sorbents.

In recent years, sorption/desorption of NH3 using sorbents at high temperatures has also
attracted great attention from the viewpoint of practical applications and recycling, e.g. high-
temperature removal of NH3; from coal-derived gas [165], high-temperature removal of unburned
NH; from diesel engines using selective catalytic reduction (SCR) in the temperature range of 150
to 400 T [9], and removal of pollutants from diesel engines using the SCR in the temperature
range of 60 to 300 <T [166]. In addition, in the field of hydrothermal conversion technology (HCT)
to treat sewage sludge, ammonia can be generated under a relatively high temperature (in the range
of 150 "C to 250 'C) in an autoclave process [167]. An NH; sorbent would be useful in the field of
HCT.

For the utilisation of an NH3 sorbent for such purposes, the following properties, even at high
temperature, are necessary: sufficient capacity, stability during cycle use, and less volume change
during the sorption-desorption process. Large volume change often brings difficulties in the design

45



of realistic systems. There are some reports of NH3 adsorption at high temperatures, but there exists
no sorbent that satisfies the requirements described above. For example, Y zeolites, H(85)Y was
reported with a capacity at 150 'C of 9.37 mmol/g [168], but the sorption process was irreversible.
Metal halide such as CaCl, also showed higher NHj3 capacity, but the volume change
accompanying the adsorption and desorption is not negligible. The cell volume, 0.084 nm® per Ca
atom in CaCl,, drastically changed to 0.334 nm®[169, 170], i.e. about a 400 % expansion of the
sorbent would occur.

Various materials as ammonia adsorbent have been investigated at RT, e.g. Prussian blue (PB)
and its analogues [110], metal-organic frameworks [94, 105, 106, 171-173], covalent organic
frameworks [174], graphene derivatives [175], lon exchange resins [57, 176], as well as other
traditional sorbents, such as zeolite, alumina, silica gel, and activated carbon [58]. Among them, to
the best of our knowledge, cobalt hexacyanocobaltate (CoHCCo, Co'"; [Co"(CN)e],) , one of the
PB analogues, exhibits a great NH3 adsorption capacity, estimated to 21.9 mmol/g at RT [110], the
highest among the recyclable porous adsorbents without a large volume change from sorption-
desorption. The summary of the sorption capacity of ammonia in CoHCCo compared with series
MOFs as shown in Table 3-1.

Accordingly, PB analogues including CoHCCo have been receiving considerable attention for
their great gas adsorption and separation [110, 133, 177-179]. Because it has the simple cubic and
nano-scale crystal structure as a well-known family of porous coordination polymers (PCPs) with
liner bridging of the octahedral metal ions by cyanide anions, which defines nanopores within the
framework to capture gas molecules [177]. The high sorption capacity of CoHCCo originates from
the two kinds of sorption site with high density in the crystal [110]. The schematic view of the
crystal structure is shown in Fig. 3-1. In the CoHCCo crystal, there two kinds of sorption sites for
small molecules, i.e. interstitial sites and vacancy ones. The interstitial site is a cubic-confined pore,
intrinsically existing in the crystal. On the other hand, the vacancy site is implemented by the
introduction of the [Co(CN)e] vacancy. With these sorption sites, PB analogues show NH3 sorption
with high-density.

Here, NH3 sorption and desorption performance of CoHCCo was reported, the composition of
which is Co" [Co"'(CN)e]o.s0,[110] under heating conditions up to 260 “C for the first time, which
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interstitial
site

Fig. 3-1 Schematic view of the crystal structure of CoOHCCo with a [Fe(CN)¢] vacancy in the centre

of the unit cell. The orange and yellow spheres represent vacancy sites and interstitial ones.
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Table 3-1 Summary of adsorption equilibrium capacity of NH3 at room temperature (RT) and 100

°C at around 1 bar compared with a class of MOFs.

Capacit Capacit BET Area (m“/g)
Adsorbents (mmopI/g, éT) (mmol/z, 10>(l) °C) before afterg Ref.
Cu,Cl,BBTA 19.79 2 X 1205 19 [182]
Zn-based MOF X 367.1 X [173]
BPP-5 17.7° x 700 x [93]
Mn,Cl,(BTDD) 15.47 2 x 1917 x [183]
Ui0-66-C 7.78% X 800 X [184]
HKUST-1 13.0° X 1460 X [101]
Brensted acidic
porous polymers 18.72 x 835 x [185]
(P1-PO3zH,)
MOF-74(Mg) 14.11° X X X [186]
ZIF-8 0.81° X X X [186]
COF-10 15.2°2 ) X X X [187]
CoHCCo 25'(22[12.5)'3;] : 18.6[14.1]° 740" 6499 inthis study

Note: x: no data was found in the reference. a: 25 °C. b: 20 °C in this study, maximum capacity calculated
by the dual-site Langmuir model (see Fig. 3-5), square brackets show the capacity at 1 bar. Round brackets
show the capacity of our previous data at 1 bar. e: maximum capacity calculated by the dual-site Langmuir
model (see Fig. 3-5), square brackets show the capacity at 1 bar. f: This value was relatively smaller than
that of our previously published paper (c: ref [110]), 848 m?/g. g: After adsorption NH; using IR gas cell at
22 °C, and desorption at 200 °C in this case. d: cf. as a similar acidic polymer, i.e., Amberlyst-15, its
maximum capacity calculated by dual-site Langmuir model was 8.86 mmol/g at 100 °C, and the capacity at
1 bar.is 6.50 mmol/g at 100 °C in this study.
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indicates quite high stability, large capacity, and recyclability in a wide range of ammonia

concentrations.

3.2 Experimental section
3.2.1 Synthesis of COHCCo

All reagents used in the synthetic studies were commercially available and used as
supplied without further purification. CoCl, + 6H,O was purchased from Wako Pure Chemical
Industries Ltd. K3[Co(CN)s] was purchased from Sigma-Aldrich Corporation.

In order to investigate the reproducibility and thermal stability, the new CoHCCo was
synthesised. The synthesis method was slightly different from that in our previously published
experimental study. [110] Briefly, 0.46 mol/L cobalt(ll) chloride and 0.30 mol/L potassium
hexacyanocobaltate(l11) in a conical tube was mixed with shaking at a speed of 1,000 rpm for

24 h, followed by drying in vacuum for 2 days.

3.2.2 Characterization of CoHCCo

In-situ powder X-ray diffraction patterns (PXRD) were recorded with a D8 ADVANCE
(Bruker AXS) at 40 kV and 40 mA using Cu K, radiation (1 = 1.54 A) with a scan speed of 0.10 s
per step, step size of 0.02°, and 20 range of 5-60°. A Fourier-transform infrared (FT-IR)
spectrometer (Nicolet Biomedical Inc.) equipped with a precision gas cell was used to confirm the
cycle-ability of adsorption and desorption of NH3 gas (NH3; with a purity of 99.999% was mixed
with room air at a volume ratio of ~8.0 vol%, measured by GASTEC Detector Tubes) under room
air atmosphere with a humidity of ~41%. The other equipment used in this study can be referred to
the subsection 2.2.2.

3.2.3 Thermogravimetry

The reproducibility-control CoHCCo (~10 mg) was heated at 5 K min™ from 25 °C to 500 °C
in nitrogen, pure-air, and room-air (relative humidity (RH) of 27%) atmosphere with a flow rate of
200 ml/min.

3.2.4 In-situ XRD to determine the stability
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An in-situ XRD analysis was performed in the NH; gas atmosphere (NH3; with a purity of
99.999% was mixed with room air at a volume ratio of ~8.0 vol%, measured by GASTEC Detector
Tubes) while increasing the temperature. The as-synthesised CoHCCo without pre-treatment was
placed into a gas cell equipped for D8 ADVANCE. For evaluation of the dependence of the crystal
structure on the temperature and ammonia sorption, two steps were employed. First, the
temperature was increased from room temperature (RT) (21 <C, RH = 66%) to 100 <C, which was
then maintained for 5 min in vacuum. This was followed by the injection of ammonia-containing
air into the gas cell, which was maintained for 5 min. The second step was similar to the first,
except for the different temperature of 250 <C, instead of 100 °C. It is worth noting that before the
heating, the room air condition was slightly different, i.e., 25.5 °C and RH = 54%.

3.2.5 Ammonia gas sorption measurement

Ammonia gas (purity: 99.999%) adsorption/desorption isotherms were measured at RT (20 °C)
in a water bath with a temperature controller. The temperature was set to 100, 150, and 250 °C by a
heater of an adsorption evaluation instrument, BELSORP-max (MicrotracBEL Corp.). Before the
measurement, a 50-mg sample for each test was heated for dehydration at 150 <C for 24 h on a
BELPREP-vac Il.

3.2.6 Cycle-ability test in the NH3-including atmosphere

The initial CoHCCo film before the NH3; adsorption was prepared as follows. The CoHCCo
powder was placed onto a BaF, plate, heated in a gas cell (Model S84, S.T. JAPAN Inc.) at 200 °C
for 10 min in ambient atmosphere (RH = 40%), and then cooled down to RT in the N, atmosphere.
The FT-IR measurement was performed in the transmission mode with a flowing NH3; mixed with
room air (RH=27%). The NHs;-containing atmosphere was prepared by mixing NH3 gas with a
purity of 99.999% and room air, at a volume ratio of ~8.0%. When NH3-containing air was injected,
the temperature was set to RT (22 °C). After adsorption, room air was flown into the gas cell as the
atmosphere at a rate of 230 ml/min, and the temperature was adjusted to 250 °C. The flow rate of
NH; gas was 130 ml/min. The flow of each gas was maintained for 3 min, immediately followed by
an FT-IR measurement. During the cooling from 260 <C to RT, N, gas was flown at a rate of 200

ml/min.
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3.3 Results and discussion

According to the TG results (see black lines in Fig. 3-2(a)), CoHCCo is quite stable under the
atmosphere of flow nitrogen until around 400 "C. Additionally, stability in the presence of oxygen
was also checked. The decomposition temperature, i.e., the combustion temperature of cyanide
ligands in the case of CoHCCo under an atmosphere of pure air and room air is about the same,
reach 297.9 'C and 301.8 'C, respectively. It is found that CoHCCo possesses relatively high
thermal stability and durability against the oxidation reaction, i.e., higher temperature durability
against burning until 300 ‘C, when compared to organic polymer materials such as polyethylene.

To confirm the stability of the crystal structure for CoHCCo, PXRD patterns under varying
temperature were also recorded using a heating cell as shown in Fig. 3-2(b). It clearly shows that
the crystal structure of COHCCo is maintained at a high temperature up to 250 "C, even in the high-
concentrated NHs-including atmosphere, and the main peaks (17.4%and 24.7< have a little shift to
high angle after raising temperature. In connection with the little shift of the main peaks, the lattice
constants under these conditions are shown in Fig. 3-2(b), indicating a rather small volume change
during sorption-desorption, around 7% based on the initial stage at RT in air. The change would
originate from the charge transfer between cobalt cations as described later. The position of the
main peaks shifted to the high angle at 100 "C in a vacuum and returned to the original after being
put into an NHs including atmosphere at 100 'C. However, the position of the peaks did not return
to the original position at 250 "C, independent from the atmosphere. These results indicate that the
small shrink of the crystal occurred with the desorption of the molecules, NH3 or H,O. Concerning
the particle size, the crystallite size of CoHCCo estimated by Scherrer analysis of the PXRD
patterns was 33.6 nm in RT. At 250 'C in a vacuum, the crystallite sizes of COHCCo changed to a
smaller 20.8 nm. At present, these changes of crystal may do not affect the sorption/desorption
properties as shown in IR measurements. The morphology of CoHCCo was also checked by SEM,
no obvious shape changes compared to the as-synthesized sample (see Fig. 3-2(c)).

Furthermore, CoHCCo was compared with well-known typical sorbents[58] for their NH3
sorption capacity at high temperature (Fig. 3-3(a)). The preliminary sorption range of temperature
was selected less than 300 'C based on TG measurements. For comparison, Amberlyst-15 was also
investigated, a kind of polystyrene polymer with sulfonic acid moiety, which showed the large

sorption capacity of NH3z at RT in literature [176]. The isotherm measurements revealed that the
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patterns of CoHCCo with variations of temperature and atmosphere. (c) Scanning electron
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sorption capacity of COHCCo is about 2 times larger than that of Amberlyst-15 at 100 ‘C, with a
pressure of ca. 1 bar (ca. 100 kPa, around ambient pressure) as shown in Fig. 3-3(a) and Fig. 3-4.
Fig. 3-3(a) summarises adsorption amount in the comparison with other typical sorbents, indicating
an apparently lower capacity than CoHCCo; According to these data, it indicates that the sorption
capacity of NH3 using CoHCCo clearly exceed other typical sorbents at higher temperatures in a
wide range of ammonia concentrations, under relatively high concentration, from 1 (ca. 1% gas) to
100 kPa (pure gas) of ammonia as shown in Fig. 3-4 and Fig. 3-3(b).

The NHj3-sorption isotherms at various temperatures are shown in Fig. 3-3(b). It was found
that the capacity of COHCCo, even at 100 ‘C, was beyond that of Amberlyst-15 at RT, at 13.7
mmol/g [176]. The isotherms at RT, 100 'C and 150 'C are well fitted by a dual-site Langmuir
model [180] as shown in Fig. 3-5, indicating it has two kinds of adsorption site. It is consistent with
the existence of adsorption sites combined between the interstitial sites and the vacancy ones. For
250 ‘C analysed by dual-site Langmuir model, however, single-site Langmuir model is more
dominant, implying only one kind of adsorption site works at 250 "'C. The maximum capacity is
evaluated 25.2, 18.6, 8.6, and 2.1 mmol/g at 20, 100 "C, 150 'C, and 250 'C, respectively (Table 3-
2). Note that the capacity at RT was evaluated as 21.9 mmol/g in the previous report [110]. The
difference comes from the change of the fitting model. Using the dual-site Langmuir model, the
region at higher pressure can be better fitted than the single site Langmuir model, allowing the
possibility of capacity re-evaluation.

From the viewpoint of practical applications under ambience, and to confirm the recyclability,
the NH3; adsorption/desorption was tested using CoHCCo by temperature swing under the
atmosphere of moderately humid conditions in air (40%RH in this case). In this study, the cycle
tests were done by in-situ FT-IR measurement with CoHCCo film on a barium fluoride substrate in
a gas-flow cell. The temperature range was repeatedly changed between RT and 260 "C. As a result,
CoHCCo seems to be perfectly reversible to adsorb-desorb NH; in the presence of oxygen and
water molecules, as shown in Fig. 3-6(a); the sorption peaks in the range of 1,000-1,450 cm™,
corresponding to NHs or NH," species, clearly appeared and disappeared with the elevation of the
temperature.

The initial CoHCCo film, preheated at 200 °C, already had a peak around 1,260 cm™ (NH5(V),
black line in Fig. 3-6(a)), indicating NH; coordinatingly sorbed in the vacancy site of CoHCCo.
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Table 3-2 Fitting parameters of the adsorption isotherms for CoHCCo powders obtained using the

dual-site Langmuir model equation.

T(C) qa" K1 2" K2 Qsum.
20 14.7 1,712.3 10.5 2.2 25.2
100 10.1 94.5 8.5 1.0 18.6
150 1.8 857.0 6.8 4.3 8.6
250 0.0 0.0 2.1 13.8 2.1
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Fig. 3-6 (a) IR spectra for recyclability test (3 cycles) of ammonia adsorption and desorption of
CoHCCo at the heating temperature, range changing between RT (22°C) and 260 °C (eye guide:
Absorbance scale = 0.3). (b) Magnified view for the range of 1,000 — 1,450 cm™ (eye guide:
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absorbance peaks corresponding to NH," in the interstitial site, NHs at the vacancy site, NH3 at the

interstitial site, and NHs in gas phase, respectively.
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Similar adsorption of trace NHs in air was found with Ky 23Fe[Fe(CN)s]o.74, but in the case of PB,
sorbed NHjs is converted to NH4* with protonation [110]. Because the coordination bonding could
be stronger with Co than with Fe in PB framework, sorbed NH; would be kept as is. The
coordinating sorption at the vacancy site seems quite strong because this peak remained even after
heating at 260 ‘C. After the sorption-desorption cycles, almost the same profile is found in the air
at RT, so the structure of CoHCCo framework and sorbed-NH; is concluded as returning to the
initial state.

For the condition of CoHCCo in NH3-atmosphere at 22 °C, the situation is rather complicated.
The IR absorption in the range of 1,000-1,450 cm™ is decomposed into 4 components as follows,
where the abbreviation in parentheses represents the peak position indicated in Fig. 3-6(b). (1).
oscillating peaks at 1,000-1,200 cm™ (NHs(g)) were brought from the gaseous NHs; without
adsorption (see Fig. 3-7), (2). the broad peak at 1,000-1,250 cm™ (NHs(i)) would be from NH;
weakly sorbed in interstitial sites, (3). the narrow peak at 1,300 cm™ (NHs(v)), RT after the sorption,
corresponds to the NH5 at the vacancy site with the coordination bonding to Co, but 40 cm™ of shift
was found at 260 'C from that in the air at RT, and (4). the narrow peak at 1,410 cm™ (NH,"(i))
shows the converted species to NH;" from NHa. The conversion to NH," was also found with
Ko.23Fe[Fe(CN)s]o.74, considered to be caused by the protonation by crystal water [110]. From these
assignments, NH3z and NH," sorbed in the interstitial site would be desorbed in the air at 260 °C.
The result is consistent with the isotherm analysis at 250 "C, where only one adsorption site, maybe
the vacancy site, seems to work.

Note that waiting only three minutes for the FT-IR measurement after the target temperature
was achieved, indicating that the sorption and desorption proceeded sufficiently in a short amount
of time. On the other hand, it is necessary for the evaluation of the persistence of the NH; at
vacancy site with the coordination bonding to investigate the time dependence of the corresponding
peak.

For the peak shift corresponding to NH3(v), some possibilities from the result of IR spectra in
another wavelength region and the PXRD patterns was speculated. In the IR chart at 2,000-2,150
cm™, the peak splitting into two suggests a change in the electronic state of the Co atoms in NHs-
atmosphere. The change would be associated with the colour change before and after adsorption at

100 ‘C (Fig. 3-8). One possible cause of the change is the partial charge transfer, Co"
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[Co"™(CN)s]o.s0 to Co"os Co"y6 [Co"(CN)sloso. Because from the change of the crystal structure
evaluated from PXRD analysis shown in Fig. 3-2(b), about 0.2 A of lattice constant decrease was
found, consistent with the charge transfer accompanied by the spin state change, Co"™-Co""* to
Co""5_Co'"®. Since the ionic radii of the Co"™ and Co'™* in octahedral bondings are 0.745 A
and 0.65 A, respectively [181], from these radii, the difference in the lattice constant is estimated to

0.19 A, which is in good agreement with our result.

3.4 Summary

CoHCCo is able to sorb great volumes of ammonia molecules reversibly at heating
temperatures below 1 bar. The structure of CoHCCo was kept stable after sorbing/desorbing the
NH; gas, even under moderately humid conditions at high temperatures, to 250 'C. The temperature
swing adsorption (TSA) process is expected to be employed using CoHCCo to adsorb/desorb NH3

gas for practical applications in the field of ammonia collection.
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Chapter 4 Unique gaseous ammonia adsorption and desorption behaviour of

Prussian Blue Analogue Zn3;[Co(CN)s], at moderate working temperature

4.1 Introduction

Ammonia, which represents one of the most widely used in chemicals, nevertheless, chemical
processes utilizing ammonia produce ammonia-containing gas mixtures, and ammonia-gas
separation is highly necessary and desirable [58]. Not only because it has a severe irritant, has been
identified as a major air quality concern by the National Research Council (NRC) [188], which is
harmful to people health [189]. But also in the field of integrated circuits industries, volatile NH3
can make the silicon wafer useless [190, 191]. Besides, it has the potential to be used as the H,
alternative energy [62, 192-194] and green fuels [195].

In EU, USA, and China, increased NH3 emissions driven by an increase in the consumption of
synthetic nitrogen fertilisers and increase in the numbers of livestock (mainly are cattle and pigs),
has been aroused many attentions [159, 196, 197]. Moreover, the manufacturing industry (ammonia
and coke), refrigeration systems, or sewage treatment plants—require purification systems also
contribute to the NH3 gas emission [198]. Several adsorbents, such as zeolite, alumina, silica gel,
and activated carbon [59, 80, 81], are related to the separation of ammonia from the gas streams in
the ammonia manufacturing process. Besides, powdered or granulated activated carbons, are
already being used at an industrial scale [199]. Nevertheless, there is still a need for adsorbents to
be able to have higher sorption capacity for NH3z and to be easily regenerated after use.

Considering all of these, many attempts have been employed to find an efficient adsorbent for
ammonia. One kind of the materials, recently, as it has nanosized porous, Lewis acidic unsaturated
metal centres, Brensted acid groups and easily modify for the structure, already received many
attentions, called metal-organic frameworks (MOFs), such as HKUST-1 [200-202], MOF-5 [198],
Zn-MOF [203], and Brensted acid MOFs (aka. MOF-205 [204], BPP-5 [93]). Nevertheless, there is
still a need for adsorbents to be able to strongly retain even higher amounts of NH3, stable ability to
ammonia exposure, especially to humid conditions, as the sorption process is always employed at
ambient conditions, i.e. the omnipresence of moisture, where the competitive behaviour between
water and ammonia to bind to a polar adsorbent weakens the ability of the adsorbent for selectively

capturing ammonia from humid air [203, 205]. Hence, the competitive behaviour between
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ammonia and water to bind to an adsorbent weakens the ability of the adsorbent for selectively
capturing ammonia from the humid air should be considered.

M3"[Co™(CN)e], (M is transition metals, water is omitted), one kind of PB analogues, is a
well-known family member of porous coordination polymers (PCPs), which features a simple cubic
framework, with liner bridging of the octahedral metal ions by cyanide anions which defines pores
within the framework [177], have been aroused many concerns in the fields of gases adsorption
and separation [110, 133, 178], catalyst [206, 207], molecular sensing [109]. The presence of
different inorganic metal nods in cubic framework shows different sorption properties including
interactions forces, regenerate, and stability, which are important features in gas sorption.
Additionally, it has reported that the greater sorption ability of Ms"[Co"(CN)g]. is based on the
mechanism which two kinds of sorption site with high density in the crystal [110].

In the previous studies, PCP has been studied for sorption NH3 (99.999% purity) gas at room
temperature (RT) and high temperature (HT) below 1 bar, among them cobalt hexacyanocobaltate
(CoHCCo) shows the maximum sorption capacity 21.9 mmol/g (RT), 18.6 mmol/g (100 °C)
compared to other reported recyclable porous sorbents without a large volume change during the
sorption-desorption process [110]. Zinc hexacynanocobaltate (ZnHCCo), as it has dimorphic
characteristics, i.e. cubic phase (Fm-3m) at RT, while hexagonal one (R-3C) can be formed from
hot solutions synthesis (>60 °C) or dehydrating the cubic phase by heating [208, 209],
corresponding to different properties, has been demonstrated to apply in the field of gas sorption,
such as capture H, [133], CO,[60, 208, 210] , SO,, H,S, NO and water at RT and desorb each gas
at a slightly higher temperature (~70 °C) [64]. However, some studies indicated that in the case of
hexagonal one (R-3C), the Zn atom is found tetrahedrally coordinated to the N ends, without
available coordination sites [208, 211].

Up to now, except the CoHCCo, there is no report on sorption ammonia gas at a moderate
temperature, especially on the performance of sorption ammonia gas with humidity using ZnHCCo.
As it is known, the successful ammonia storage material must have high capacity under 40-60 kPa
of ammonia at ambient temperature, and must release ammonia easily by a mild operation such as
evacuation to 10 kPa (pressure swing adsorption: PSA) or heating to 200 °C (temperature swing

adsorption: TSA) [162]. In this study, the sorption performance of ZnHCCo on ammonia gas at a
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moderate temperature below 1 bar, moreover the recyclability and the effect of moderate humidity

on the ammonia sorption performance are also discussed.

4.2 Experimental section

4.2.1 Synthesis of ZnHCCo

All reagents used in synthetic studies were commercially available and used as supplied
without further purification. ZnCl, was purchased from Wako Pure Chemical Industries Ltd.
K3[Co(CN)s] were purchased from Sigma-Aldrich Corporation.

Synthesis of Zns(I1) [Co(I11)(CN)g]2: Mix of ZnCl, (0.317 g, 2.28 mmol), K3[Co(CN)s] (0.521
g, 1.52 mmol) using 50 mL conical tube at RT. The suspension was shaken using a multi shaker
(SI1-300C; AS One Corp.) for 24h with 1,000 rpm at room temperature. After shaking, the slurry
solutions were centrifuged. The slurries were washed at least three times with milli-Q water. Then

dried in vacuum at RT for 48 h.

4.2.2 Characterization of ZnHCCo

This part can be referred to the subsection 3.2.2.

4.2.3 Thermogravimetry

This part can be referred to the subsection 3.2.3.

4.2.4 In-situ XRD to determine the stability

This part can be referred to the subsection 3.2.4. In addition, for evaluation of the dependence
of the crystal structure on the temperature and ammonia sorption, the temperature was increased
from RT (31 <C, RH = 45%) to 100 <C, and maintained for 5 min in vacuum at 100 <C, followed by
injection of ammonia-containing air into the gas cell, which was also maintained for 5 min. Then
tried to desorb the NH3 at 200 °C by maintaining 5 min.

Furthermore, to check the structural change by adsorbing NH3 gas (NH3 including atmosphere)
at RT, a film gas cell with gas inlet and outlet was also used to test the sorption and desorption
process for ZnHCCo. The first step, to simulate sorption process in IR test (discussed in later), the

NHj3 gas was flowed through the film gas cell from gas inlet by a syringe (200 ml) with 2 times and
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outflowed from gas outlet (see Fig.4-1(a)), then the second step, a vacuum pump for the desorption
process was employed for 5 h. The structure of each step was detected using D8 ADVANCE.

4.2.5 Nitrogen/Ammonia gas sorption measurement

This part can be referred to the subsection 3.2.5.

4.2.6 FT-IR measurement in the NHs-including atmosphere

This part can be referred to the subsection 3.2.6.

In addition, to avoid the NHj; signal impact coming from the window (discussed in Chapter 3),
and better understand the desorption property of ZnHCCo at 100 ‘C. We put the BaF, plate loaded
ZnHCCo powders into a plastic bag, then the NH3 gas atmosphere was injected into the plastic bag,
sealed fast and wait for 3 min. After that, the adsorbed sample was moved to the gas cell equipped
for the IR, to observe the TSA process. The first step, heating to 100 ‘C then keep the time for 5
min. The second step injected the dry N, gas with a flow rate of 200 ml/min at the constant
temperature of 100 C (RT: 23 'C, RH: 34%).

4.2.7 Effect of moderate humidity on the sorption performance

Wet suspensions of as-synthesized ZnHCCo powders were placed onto a silicon substrate and
then was dried at 60 <T for 3 min in the oven. The adsorption process was that the silicon substrate
loaded ZnHCCo film was exposed in the ambient (RT: 23 <C, RH: 35%), then NHj including
atmosphere with a flow rate 200 ml/min was blown onto the surface of the film for 2 min. After
overnight, it was moved into a desiccator, then flowing a stream of room air with moderate
humidity (RH: ~76%, Fig. 4-2) for 10 min at the rate of 200 ml/min into the desiccator, to find the
effect of moderate humidity on the sorption affinity of ZnHCCo against NH3; gas molecular. The
test has used the package (iD1 transmission iS5; Nicolet Biomedical Inc.) to confirm the stability of
adsorbed NH3; gas molecular.

4.3 Results and discussion

4.3.1 Characterization of ZnHCCo
The  composition of ZnHCCo measured by MP-AES and TG is

Ko.19ZN1,00[CO(CN)gJo.63 3.01H,0. In view of the excess of Zn?* in the synthesis mixture and in the
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Fig. 4-1 (a) A film gas cell used by checking the structural change, (b) Schematic view of the
crystal structure of ZnHCCo with a [Co(CN)g] vacancy in the centre of the unit cell. (c) PXRD
patterns of ZnHCCo with variations atmosphere at RT. The notation for atmosphere “in air” and “in

8% NHs” represent using laboratory air, and a mixed atmosphere of laboratory air and NHj5 air to

make 8 vol% of the NH; concentration.
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structure, it is expected that zinc terminates the crystals and is abundant on the outer surface [207],
and the schematic view of the crystal structure is shown Fig. 4-1(b). The Brunauer—Emmer—Teller
(BET) surface area measurement was performed using nitrogen adsorption at 77 K (Fig. 4-3). A
typical Type | isotherm was observed for ZnHCCo with surface areas 693 m?/g, lower than that of
CoHCCo 848 m?/g [110], consistent with the result of crystal size estimated by Scherrer analysis
59.0, and 20.8nm, respectively, also in good agreement with reported literature [133]. Fig. 4-1(c)
shows the structure of ZnHCCao is a typical microporous coordination solid with the structure of the
cubic phase (Fm-3m) [133, 208]. In addition, the little rhombohedral phase is also detected,
resulting from K* located in the framework cavities, resulting in little isomorphous phase is formed
with the same to the high-temperature phase of ZnHCCo (R-3C) [208, 209].

4.3.2 Stability at high temperature

Fig. 4-4 shows decomposition temperature of cyanide ligand in the case of ZnHCCo is ~400
°C under nitrogen, however, a little decrease to ~350 "C under pure air and room air (RH 27%) flow
with the same flow rate, which shows higher than the decomposition temperature of CoHCCo,
~300 'C, at the same conditions under pure air and room air atmosphere. A sharp weight loss of 21%
between RT to 130 "C illustrate the loss of water molecules from the porous structure, which also
shows lower than that of CoHCCo, ~150 ‘C, indicating the stronger affinity of CoHCCo to the H,O
molecular. After dehydrated in a vacuum at 100 °C, even the phase structure was kept the cubic
structure, however, the crystallite sizes of ZnHCCo estimated by Scherrer analysis became smaller,
from 120.0 reaches to 77.9 nm, as the crystal structure shrink after dehydrating, a similar
phenomenon as that of CoHCCo. Here, the results showed different with other studies, i.e. other
reports indicated that phase would change to R-3C when heating above 60 °C or in the presence of

a low chemical potential of water [208, 209].

4.3.3 NHj3 sorption properties

Unique adsorption and desorption behaviour for ammonia gas under varying temperature
conditions are shown in Fig. 4-5. Especially at the conditions of RT and 100 °C, the sorption
isotherm of ZnHCCo becomes steeper when the pressure over 0.5 bar at 20 'C, indicating the

sorption capacity increases faster than that of the pressure lower than 0.5 bar. It may be caused by
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Fig. 4-5 Ammonia sorption (closed circles) and desorption (open circles) isotherm in ZnHCCo at
different heating temperatures. The sorption isotherm at RT (20 °C) is also given for comparison

with that of others. The connecting lines are guides for the eyes.
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a phase change, resulted in there were no available sorption sites over 0.6 bar, which the structural
change has been demonstrated by the PXRD patterns with sorption result using the film gas cell,
see Fig. 4-1(c). It clearly shows the structure changed after sorption NH3 gas compared with the as-
synthesized sample at RT, and most of the NH3 gas and H,O molecular are removed by vacuum in
5 h, but not completely recover to the original phase, Fm-3m. The reason is unclear now. Moreover,
the sorption atmosphere also has some effect on the structure change, i.e. the structure changed
after adsorbing NH3 including atmosphere (8 vol%), however, in the case of the pure NHj;
atmosphere, the change happened when the equilibrium pressure over 0.5 bar, i.e. exceed of ~50
vol% NHjs. Furthermore, compared to isotherm results of CoHCCo, ZnHCCo presents relative
higher sorption capacity and easier desorption ability by pressure swing in the case of 100 C,
reach to 11.62 mmol/kg at equilibrium pressure ~1 bar, and can desorb most of adsorbed NH3 gas at
the pressure of 0.1 bar. This unique sorption property was also ascribed to the structural change and
has been demonstrated by the PXRD patterns, see Fig. 4-6. It clearly shows the structure changed
after adsorbed NH; including atmosphere at 100 'C, and the structure not recover to the original at
200 "C in vacuum for 5 min, shows no clear change according to the XRD patterns compared to
sorption and desorption at a higher temperature. Maybe the desorption time was too short.
Although it needs a further study about the desorption time, it is possible to develop adsorbents
which can be applied in the TSA or PSA process only by metal substitution in PB analogues was
found.

In the case of 150 'C, ZnHCCo also shows good desorption ability, overlapped with the
sorption curve, so difference with other conditions. The sorption capacity is also relative higher,
reach to 3.67 mmol/g at equilibrium around 1 bar. Interestingly, the sorption isotherm presents
similar the same shape with RT at 250 ‘'C, however, the structure change happened when the
equilibrium pressure over 0.9 bar, i.e. exceed of ~90 vol% NH;. After the isotherm test, the
morphology of ZnHCCo was also checked by SEM, no obvious shape changes compared to the as-
synthesized sample (see Fig. 4-7), even the structure changed after adsorption.

According to the sorption results, the sorption capacity of ZnHCCo was compared to other
typical ammonia sorbents at similar the same conditions. Fig. 4-8(a) illustrates the sorption capacity
of other typical sorbents except for CoHCCo apparently lower than that of ZnHCCo at RT.
Furthermore, according to the study of Chapter 3, Amberlyst-15 showed a large capacity of
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Fig. 4-7 SEM morphology of ZnHCCo. a) as synthesized, b) after adsorption & desorption at 100
°C, ¢) after adsorption and desorption at 150 'C, d) after adsorption and desorption at 250 'C using
the BELSORP-max.
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ammonia at 100 "C, hence, ZnHCCo was only compared to the Amberlyst-15 and CoHCCo at 100
°C around 1 bar (Fig. 4-8(b)), combined the result at RT, both presenting the ammonia sorption
capacity of ZnHCCo just shows a little lower than that of CoHCCo, and clearly outstrips other

typical adsorbents in a wide range of working temperatures.

4.3.4 Recyclability evaluation

Fig. 4-9 shows ammonia gas can be desorbed well in adsorbed ZnHCCo at 250 'C and
ZnHCCo has similar good performance to the recyclability of CoHCCo, i.e. most of the adsorbed
ammonia gas could be desorbed at higher temperature in air, 250 "C, however, a little was left
maybe the vacancy site, also seems to work as the same property to CoHCCo. The difference
coming from the structure change after adsorbing NH3 gas (NHj3 including atmosphere), consistent
with the results of PXRD measurement (See Fig. 4-1(c)), as the position of CN" peak changed from
2173 cm™ (before) to 2121 cm™ (after) adsorption, and the shape is also changed largely compared
to before, furthermore, the structure is not recovered to the same before, also consistent with the
results of PXRD measurement (See Fig. 4-5 and 4-6). In addition, Fig. 4-9 also shows two kinds of
adsorption sites for NH3 gas molecular in ZnHCCo, similar with CoHCCo, i.e. NH3 gas molecules
can be adsorbed at vacancy site (NH3(v)) and interstitial site (NHs(i)), and the adsorbed ammonia at
the vacancy sites cannot be desorbed effectively even at the HT 250 'C.

Fig. 4-10 shows there are also two peaks appeared clearly after sorption ammonia gas (NH3
including atmosphere), consistent with the result of FT-IR test in Fig. 4-9 by flowing ammonia gas
stream, and illustrates the part 2 (NHs(i)) of ammonia gas can be absolutely desorbed at 100 ‘C by
flowing dry N, however, most of part 1 (NH3(Vv)) is also left, indicating there are also two sorption
sites existing, maybe vacancy and interstitial sites, even the structure changed after ammonia
sorption. Furthermore, compared with the IR result of CoHCCo, it clearly shows there is almost no
the form of NH,"(i) after sorption ammonia gas stream, indicating the interaction force between Zn
(I1) and NH3 molecules is stronger than that of between Co (1) and NH; molecules. R. Gilson et al.
also indicated the pK, value of [Co(OH2)s]** 2.9 is less than that of [Zn(OH.)s]** 9.5 [212],
meaning water ligands in CoHCCo are easier to release proton H*, which lead to the adsorbed NH3

gas molecules always transform to the form of NH,".
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In addition, it also demonstrated that with increasing the heating temperature, the desorption
efficiency can be improved combined with the result of desorption process using IR at 250 ‘C, i.e.
the temperature swing adsorption (TSA) can also be employed using ZnHCCo to adsorb/desorb
NH; gas for practical applications in the field of ammonia recovery. More importantly, we know
the desorption can also be realized at moderate working temperature (100 "C) accompanied by

flowing dry N in short time, compared to desorb NHs gas at 250 "C, it can save more energy.

4.3.5 Humidity

Fig. 4-11 (a) shows ZnHCCo has a strong affinity to NH; even exposed in a high humid
atmosphere (RH=~76%), even though exposure in air overnight, the adsorbed NH3 gas was not
transformed to the form of NH,". In contrast, in the case of COHCCo, the IR test result as shown in
Fig. 4-11 (b), all of sorbed NHj3 is converted to NH,", similar the same to the NHs adsorbed PB in
ambient air, showed that NH3 transform to the form of NH," even experienced 15 minutes when
exposure in the ambient atmosphere [110]. Furthermore, the shape of the NH3 peak is nearly no
change even after flowing moderate humidity, indicating ZnHCCo has good selectivity to NH3 gas
molecule under the atmosphere with moderate humidity, which is also consistent with the ammonia
gas stream sorption results by IR test (see Fig. 4-9 and 4-10). However, the structure change cannot
clearly see after adsorption the same ammonia atmosphere using different sorption method as
above described. The difference property in NH3 gas sorption with moderate humidity reflected by
IR test between CoHCCo and ZnHCCo at RT, indicating ZnHCCo with dimorphic characteristics
has unique gaseous ammonia adsorption behaviour, i.e. ZnHCCo have stronger interreact force
with NH3 gas molecules under the conditions of moderate humid atmosphere, but desorption can be
realized according to the isotherm measurement and IR test, especially desorption at 100 C by

pressure swing or companied by flowing dry No.

4.4 Summary

In this study, isotherms and IR test for ammonia gas sorption and desorption using ZnHCCo in
the temperature range from 20 "C to 250 "C below 1 bar were discussed. Compared to our previous
study on CoHCCo, ZnHCCo showed special characteristics in ammonia sorption and desorption

processes at moderate working temperatures, in particular, at 100 "C. Moreover, the effect of
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moderate humidity (RH=~76%) on the state of adsorbed ammonia in ZnHCCo illustrated ammonia
adsorbed ZnHCCo is more durable to humidity atmosphere than that of CoHCCo at the same
working conditions. In addition, as a cost-effective element Zn compared to Co, hence ZnHCCo
can be one good potential candidate for recover ammonia gas under the atmosphere with moderate
humidity at moderate working temperatures. In future work, PAS process using ZnHCCo at

different humid and ammonia concentration conditions will be systematically studied.
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Chapter 5 Conclusions

In this study, PB-based adsorbents were developed targeting ammonia removal/recovery from
wastewater and NHz-containing atmosphere. The results from the effect of high sodium salt
concentration on dissolved ammonia sorption indicated the developed adsorbent NaCoHCF has the
highest sorption capacity (Qmax) Of 4.36 mol/kg compared to other commercial adsorbents,
especially about 40 times higher than zeolite under the aqueous solutions with high sodium salt
concentration (9,350 mg/L) which the sodium salt concentration was set as the same to the artificial
seawater. The high sorption capacity is attributable to its higher selectivity to NH,*, providing
important references for NH;" removal/recovery from the sea water. CoHCCo and ZnHCCo were
also developed and evaluated for gaseous NHj3 capture/recovery from 8 vol% NH; atmosphere
when operation temperature varied from 20 to 250 °C. The highest NH3 sorption capacities of
CoHCCo were 25.2, 18.6, 8.6, and 2.1 mmol/g at 20, 100, 150, and 250 °C, respectively. The
decomposition temperature of CoHCCo and ZnHCCo can reach around 300 and 350 °C,
respectively, even under pure air and room air conditions, and both have similar the same sorption
capacity under the same working conditions. However, other typical sorbents, such as mostly
MOFs would be corrupted after NH3 sorption at a high working temperature under the atmosphere
of pure air or room air. Also, CoHCCo could keep its stable structure even after adsorbing 8 vol%
NH3 atmosphere at a wide working temperature (~250 °C). CoHCCo and ZnHCCo have good
recyclability during the sorption-desorption process by TSA. Besides, ZnHCCo can also be
recycled by PSA at high working temperature (100 °C), indicating ZnHCCo has unique sorption
properties at moderate high working temperature. Furthermore, ZnHCCo can keep NH3 form well
under a moderate humid atmosphere (RH=~76%). It is very meaningful to utilize TSA or PSA
process to desorb the adsorbed NHj3 as the desorbed NHj3 can be easily used as fuels or clean energy
H, carrier.

Results from this study imply that the new adsorbents, PB analogues, could provide an
effective solution for NH4* removal from wastewater or for ammonia recovery from exhaust gas
containing NHs3 due to their much higher sorption capacity and selectivity, and for NHs
capture/recovery in the field of wastewater treatment and air pollution control. As NH3 can be used

as fuels and H, carrier, the developed adsorbents can be very promising in the hydrogen energy
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field. This study also provides a cost-effective method to alleviate ammonia pollution caused by
excessive use of fertilizer and large-scale ammonia production. Further research efforts are still
necessary for recycling and re-utilization of the adsorbents and confirmation of NH3 recovery

efficiency in the presence of other trace gases and humidity.
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