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Abstract
Water pollution is rising due to the increase in human population. This represents a serious
danger for the environment and human health. The wastewater sector is facing stricter
regulations on environmental discharge limits, which result in higher energy and costs to remove
contaminants. Thus, there is the need to develop more sustainable technologies that promote
circularity by recovering valuable products and reusing resources. Amongst them, ammonia is a
valuable resource widely used as a fertiliser, which can be recovered and exploited from
wastewater.
This innovative research project focuses on two different ammonia recovery technologies that can
be applied in different ranges of concentrations.
The first contribution regards the optimisation of the chemical precipitation technique, which is
commonly applied in ammonium-rich streams. In particular, optimal conditions are defined to: (i)
thermally decompose the precipitate (struvite) and recover higher quality products; (ii) recover
the chemical employed for the precipitation. A kinetic mechanism of the thermal decomposition
is also developed, which is key for a thorough understanding of the chemical process and to design
the technology.
The second contribution focuses on lower concentration streams with the development of a new
material for the adsorption technology. In this regard, innovation is needed due to high
operational costs of conventional adsorbents. In this work, the Metal-Organic Framework ZIF-67
is used for the first time for this application. ZIF-67 demonstrates to: (i) successfully remove
ammonium with an adsorption capacity comparable to natural zeolites; (ii) achieve 85 % removal
efficiency at 35 °C; (iii) be effectively used in a continuous system; and (iv) be used in a composite
configuration with recycled carbon fibres, which will facilitate the use of this material at large
scale. ZIF-67 removes ammonia upon heating, thus reducing the need of chemicals required for
zeolites regeneration. A cost analysis is also presented to discuss the conditions to make this
material competitive for industrial application.
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1 Introduction
Water pollution poses a serious threat to human health and the environment. The challenges
caused by climate change that are being faced nowadays in both developing and developed
countries are unprecedented. It has been estimated that the change in climate that has
occurred in the past century has indirectly impacted wastewater treatment plants due to
sudden temperature change, floods, droughts, storms and heavy precipitation [1]. One of the
United Nations Sustainable Development Goals (UN SDG) states: “ensure access to water and
sanitation for all”, since it is a basic human need [2]. Effective wastewater management is
therefore critical to ensure water quality and pollution control. To tackle water pollution, in
recent years, regulations on the effluent limits have become stricter. This has translated in
more energy and chemicals that wastewater treatment companies have to employ to remove
contaminants and ensure treatments are effective and limits are met. Interestingly, the threat
of climate change and consequent change in governments’ policies has also pushed wastewater
treatment companies towards the development of more sustainable treatment works, with
focus on the reduction of the emissions and the recovery of valuable products. As a result,
research in the wastewater sector has moved towards circular economy, which promotes the
recovery of products at the end-of-life stage to reuse them or convert them to new products
that can be put back in the economy [3]. In this regard, wastewater and sludge are a source of
energy, metals and nutrients. The latter, such as phosphorous and reactive forms of nitrogen
(nitrate, ammonia), must be removed as they can cause oxygen deficiency and uncontrolled
growth of algae in the receiving water body, with critical consequences for aquatic life.
Fortunately, both are valuable resources and find commercial applications as fertilisers.
Nitrogen is an essential element for life on Earth and is largely present in the atmosphere (78
%) in its inert form N2. However, it is indispensable for plants growth in its reactive forms
which are present in soil. In the 20th century, the invention of the Haber-Bosch process changed
the agricultural world. The technology was able to fixate nitrogen gas and produce ammonia
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on industrial scale. The sudden wide availability of ammonia promoted the increase in the
production of nitrogen-based fertilisers and enabled a surge in crops growth, which
subsequently resulted in a sharp rise of the world population. However, the industrial fixation
of nitrogen has also had a negative impact in the environment, by altering the nitrogen cycle
and nitrogen pollution [4]. The greater use of fertilisers has indeed provoked the increase in
soil contamination due to fertilisers solubility and consequent run-off of harmful chemicals to
groundwater (e.g. nitrate). The rise of the population has affected wastewaters pollution due
to discharges by households and offices. Nitrogen is present in domestic wastewater as
ammonia due to urea, faeces, and households’ chemicals. Then, energy is used to transform it
into nitrogen gas, as it has been done for over 100 years via biological treatments. It is therefore
a waste to produce ammonia via the Haber-Bosch process using fossil fuels and energy, when
at the same time ammonia could be recovered from a waste source and regain its value.

1.1 The need for this project
Severn Trent Water is one of the major wastewater treatment companies in the UK, providing
clean water for 4.3 million homes in England and part of Wales. Treating 2.6 billion litres of
wastewater every day, the company has been deeply committed to building a sustainable
future. Their investments are focused towards carbon neutrality and also the development of
technologies which look at the recovery of resources from sewage and wastewater. In
particular, the recovery of ammonia is an opportunity to simultaneously reduce nitrogen
pollution and obtain a valuable product. An effective recovery technology would replace
conventional nitrogen removal technologies which use bacterial activity to transform the
reactive forms of nitrogen (including ammonia, NH3, and ammonium, NH4+) into nitrogen gas.
Biological treatments processes, despite effective, require oxygen and energy to maintain the
bacterial environment, and are sensitive to shock loadings. Moreover, they are responsible for
nitrous oxide emissions, a powerful greenhouse gas [5,6]. Thus, research in ammonia recovery
technologies is a necessary step to move towards circular economy models in the wastewater
treatment sector.
2

1.2 Aim and objectives
This research project, sponsored by Sever Trent Water, had to answer one high-level research
question: how can we recover ammonia from sewage and wastewater using
environmentally sustainable and economically feasible technologies?
The principal aim of this research was to improve existing processes and provide new
knowledge for the development of new technologies, to facilitate Severn Trent Water in their
decision-making process to develop innovative solutions for this application. Thus, the broad
objectives of the project were:
1. Identify gaps in the research regarding ammonia recovery technologies from
wastewater and formulate research questions;
2. Develop a methodology to assess and provide answers to the research questions;
3. Conduct experiments based on the defined methodology to fill the gaps in the research
and answer the research questions.

3

2 Research background
Ammonia is a colourless compound with a pungent odour, composed by one atom of nitrogen
and three atoms of hydrogen. This chemical is of great importance in the production of food
because it is used to prepare most nitrogen-based fertilisers. It is synthesised industrially from
nitrogen and hydrogen gases through a process that involves temperatures over 400 °C and
pressure of 200 bar [7], and requires up to 2 % of the world energy consumption [8]. This
process also uses fossil fuels such as methane or coal, which are treated to obtain the hydrogen.
This technology is called Haber-Bosch after the names of its inventors and has driven the
ammonia production to large scale in the early 20th century. By doing so, food production rose
exponentially, and it is considered one of the main reasons of the population increase from 1.8
in 1920 to over 6 billion in 2000 (Figure 1) [9]. The current yearly demand for ammonia is over
160 million tonnes, and its value fluctuates between $ 400 and $ 550 per tonne [10].

Figure 1: Influence of Haber-Bosch production of ammonia on population growth in the 20th century, [9]. Permission
granted by the author.

Despite the importance of ammonia as a resource, this chemical can also be harmful to the
environment. It is found in wastewaters due to human activities (urine, pharmaceuticals or
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chemicals, food), and can be a threat to aquatic life. In water it is also present in the oxidised
form, ammonium (NH4+), according to the reaction:
𝑁𝐻! " ⇌ 𝑁𝐻# + 𝐻"

(Eq. 1)

This equilibrium reaction is regulated by pH, in fact the two forms co-exist in equilibrium when
pH is between 7 and 12 [11].
Substantial concentrations of ammonia and other nutrients, such as nitrate and phosphorous
in water bodies can cause uncontrolled growth of algae, which then results in oxygen depletion,
a phenomenon known as eutrophication. Eutrophication is a major threat to aquatic life and
can destroy biodiversity. Thus, wastewater treatment (WWT) companies employ different
technologies to reduce and control the levels of nutrients such as ammonia before discharging
the treated water. An explicative approach to classify these technologies has been proposed by
Mehta et al. and is depicted in Figure 2 [12].

Figure 2: Schematic view of the nutrient recovery pathway, adapted from [12]

The pathway is divided into three steps: accumulation, release and extraction. If recovered,
nitrogen has to be accumulated before being released and extracted in the form of a final
product. The most conventional pathway applied in WWT works only removes ammonia by
applying only the accumulation and release steps. This is usually achieved via biological
treatments that use bacterial activity in aerobic and anaerobic conditions to transform
ammonia and other reactive forms of nitrogen (nitrate, nitrite) into nitrogen gas [13].
5

Biological treatments include activated sludge process, trickling filters, the Anammox process
[14]. It has been estimated that between 70 and 320 billion euro are spent every year in the
European Union to treat nitrogen and related pollution [15]. Recently, more stringent
regulations were implemented on effluent limits to ensure the quality of freshwater and
seawater is maintained. The Urban Wastewater Directive 91/271/EC sets the maximum
concentration of the effluent based on the size of the plant. A reduction by 70 - 80 % of the total
reactive nitrogen in the influent is required, where the term includes nitrate, nitrite, organic
nitrogen and ammoniacal nitrogen. The maximum average of total nitrogen allowed is 10 mg
L-1 for a plant serving more than 100,000 person equivalent (PE) and 15 mg L-1 for one that
serves between 10,000 and 100,000 PE [16]. The Water Framework Directive 2000/60/EC
focuses instead on ensuring the quality of the receiving water body [17]. The regulation is
defined depending on the pollution levels of the receiving waters and can establish
management plans for selected river basins or designate protected areas. As a result, many
WWT plants already require effluents concentration below 5 mg L-1 [18]. Consequently, higher
energy inputs are needed to meet the target outlet concentration limits, increasing the
operational cost of the treatment plants. In addition to this, the water utilities are looking to
implement more sustainable processes and interest in resource recovery from wastewater has
risen significantly in the past decade. Thus, the recovery of ammonia from wastewater
represents a great opportunity to concurrently reduce nitrogen pollution in liquid streams and
gain a valuable and marketable product that finds applications in industry, including the
production of fertilisers. Therefore, it was the primary aim of this project to investigate
ammonia recovery technologies from wastewater. For the aforementioned reasons, nitrogen
removal technologies that belong to the release stage will not be discussed in this report, as
they do not align with the scope and objectives of this research. These conventional
technologies have been extensively studied and can be found in recent review papers [19,20].
As far as the recovery technologies are concerned, the available techniques that serve this
purpose are chemical precipitation, air stripping, membrane contactors, adsorption and ion6

exchange, algae or bio-electrochemical processes, such as microbial fuel cells. Table 1 provides
a review summary of the different technologies with respect to existing knowledge, industrial
application potential, sustainability factor, cost, and margins for improvement, ranked from
low (√) to high (√√√). The table is the result of a review of the literature (Submission 1)
updated with the most recent publications and the evaluation of the technologies in explained
in detail in the following paragraphs.
Table 1: Graphic review of the technologies for ammonia recovery from wastewater

Technology

Existing
knowledge

Industrial
application
potential

Sustainability
factor

Cost
effectiveness

Margins for
improvement

Air stripping

√√

√

√

√

√

√√√

√

√√

√

√√

Ion exchange

√√√

√√√

√√√

√√

√√√

Chemical
precipitation

√√

√√√

√√√

√√

√√

Algae

√√

√

√√√

√√√

√√

√

√√

√

√√√

Membrane
contactors

Bio√√
electrochemical
systems
√√√ high; √√ medium; √ low

2.1 Air Stripping
The air stripping technology belongs to the “extraction” phase because it recovers gaseous
ammonia, which is stripped in a packed column through the use of a stripping gas (air) that
usually flows counter current to the influent [21]. Ammonium and ammonia that are present
in the liquid phase are transferred to the gas phase due to a mass transfer phenomenon, which
is facilitated by several parameters, including the most important pH and temperature. If the
stripping column is then combined with a condenser, the ammonia is made to react with an
acid to recover an ammonium salt, such as ammonium sulfate, (NH4)2SO4. This technique
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involves high costs, due to the need of chemicals like sulfuric acid, or calcium hydroxide for pH
regulation and the effect of other parameters, such as air flow rate and temperature [22].
Therefore, it becomes a possible option only at very high NH4-N concentrations in the inlet. For
this reason, it has mainly been applied in industrial ammonium-rich liquid waste stream;
hence, the industrial applicability for WWT works was ranked as low. The margins for
improvement are also low, since the technology is well-established and work on the principles
explained above, which require the control of several parameters (pH, T, air flow). Despite
(NH4)2SO4 is a marketable product, the process is not economically viable also due to significant
issues: fouling caused by formation of by-products in the column; difficulty in recovering all
the gaseous ammonia; production of sludge in the effluent which requires further treatment
[23]. For these reasons, this technology was assigned a low sustainability factor and low cost
effectiveness.

2.2 Membrane contactors
Membrane contactors work on a similar principle of mass transfer, and thus need temperature
and addition of sodium hydroxide to increase the pH [24]. The membrane is usually a
polymeric hollow fibre membrane with high surface area (e.g. polypropylene [25]). Also for
this technology fouling represents a challenge, in addition to high operating costs due to alkali
addition, [26]. Moreover, It has been estimated that more than one membrane contactor
would be needed in sequence in order to achieve concentrations below the limit (10 mg L-1) in
the outlet [26]. This would greatly increase the capital costs (hence the lowest score as for air
stripping in terms of cost effectiveness, Table 1) and would require the combination of this
technology with another treatment (e.g. biological nitrogen removal). Interestingly, Sancho et
al. coupled this process with an adsorption column that employed a natural zeolite [27]. The
membrane contactor was used as an alternative process to recover the NH4-N adsorbed from
the zeolite. In particular, the ammonium-rich solution eluted from the media was fed into the
membrane and reacted with phosphoric acid or nitric acid to form respectively di-ammonium
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phosphate or ammonium nitrate, liquid fertilisers. According to the authors, this technique is
a more sustainable alternative compared to the air stripping method [28].
The margins for improvement were considered medium since there is potential in the
development of customised membranes by adjusting the hydrophobicity and modifying them
to reduce fouling.

2.3 Algae
The algae technology could represent a sustainable option for nutrients accumulation. Algae
are autotrophic organisms that can be unicellular or multicellular and use nutrients to grow,
and produce biomass that can be exploited as an energy source [12]. Algae accumulate all the
inorganic forms of nitrogen by converting them into organic nitrogen through a process called
assimilation [29]. After the accumulation, ammonium can be released using thermochemical
methods or the algae containing the nutrients can be directly applied as fertilisers [12]. The
process is relatively simple, requiring a photobioreactor and a solid separation unit (hence, the
cost was evaluated as low). However, algae need sunlight for the photosynthesis of the algal
cells and a hydraulic retention time in the order of days to be effective [30,31]. Thus, this
process could only be viable to treat high nutrients streams. Moreover, the lack of sunlight
during wintertime negatively impacts the removal efficiency, making this technique unreliable
in temperate regions. Chang et al. investigated the effect of artificial illumination and reported
the improved removal capacity of microalgae [32]. However, this would greatly affect the cost
effectiveness of the technology and the sustainability factor, which were ranked as high thank
to the low use of chemicals and materials. Thus, the key challenges that are inhibitors for
industrial applications are lack of light exposure, contamination, harvesting and high hydraulic
retention time [29].

2.4 Bio-electrochemical systems
As far as the bio-electrochemical systems (BES) are concerned, they have recently attracted
attention in the wastewater treatment sector for the production of hydrogen and energy, but
also the recovery of nutrients. Currently, the state of the research is still at lab-scale because
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there are major challenges that need to be addressed. There are two types of BESs: microbial
fuel cells and microbial electrolysis cells. The former produces electricity from the
decomposition of organic matter through microorganisms, whereas the latter is run by
applying a current to produce hydrogen gas [33]. Despite these work effectively at laboratory
scale [34], the process scale-up is extremely challenging. The greatest issues involve high
capital costs and a drop of performance in system with greater capacity [35–37].

2.5 Adsorption and ion-exchange
On the contrary, ion exchange seems like a more promising technology for industrial scale
applications. This technique is a recovery technology which accumulates the ammonium onto
a sorbent by exchanging it with one of its ions. The technology presents columns packed with
the adsorption media, and it can be operated in batch or continuous [38]. It has several
advantages: temperature does not affect the system in any particular way and pH can be
maintained at values around 7, since it is important to keep ammonia in the liquid phase. The
media, usually zeolite, is used for multiple cycles, being regenerated with a brine (NaCl or KCl)
once exhausted and then reused [27,39–44]. The ammonium is then extracted and recovered
in the form of an ammonium salt by adding an acid solution (e.g. sulfuric acid). The cost
effectiveness of this technology was evaluated as medium compared to air stripping,
membrane contactors and bioelectrochemical systems. The scalability and economic feasibility
of this process is strictly related to the adsorbent. This was demonstrated in a research study
that carried out a Life Cycle Assessment, a comparative tool that uses mass and energy balances
to model processes in order to evaluate their environmental impacts. The study conducted by
Lin et al. confirmed that by only improving the adsorption capacity, which is maximum 50 mg
g-1 for synthetic zeolites, the overall environmental impact could be improved by 10-200 %
[45]. Very recently, researchers have started investigating the synthesis of porous materials
tailored for specific applications. New materials such as Metal-Organic Frameworks could
represent an opportunity for this application.
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2.6 Chemical precipitation
Lastly, chemical precipitation combines the accumulation and extraction stages of the nutrient
recovery pathway. This technique has been developed to overcome operational issues, such as
pipe blockages that are caused by the spontaneous formation of a substance called struvite
[46,47]. This phenomenon happens in the effluent of the anaerobic digester, which is rich in
nutrients, because struvite is formed by ammonium, phosphate and magnesium reacting in
molar ratio of 1:1:1. The controlled precipitation of struvite offers an opportunity to solve an
operational problem that takes place in WWT plants and to recover simultaneously nitrogen
and phosphorous. Struvite is a mineral that can be applied on land as slow-release fertiliser,
and therefore is a valuable product. From a process point of view, however, a magnesium
source (magnesium chloride) has to be added because it is present in lower concentrations
compared to ammonium and phosphate. Furthermore, struvite usually contains heavy metals
which lower the economic value of the fertiliser. In this regard, thermal decomposition of
struvite has emerged as an opportunity of recovering higher valuable products and recycle the
magnesium in the process, reducing the costs for the chemical [48]. Research shows struvite
decomposes releasing water and ammonia gas, but the studies are not clear on the steps of the
decomposition and the temperature at which ammonia is released. In some studies it is shown
how the rate of evaporation is influenced by the heating rate and ammonia can evaporate with
water molecules below 100 °C. Further research could explore more in detail the full recovery
process through thermal decomposition of struvite, also looking at recovering phosphorous by
separating it from the heavy metals.

2.7 Challenges
Currently, the key challenges related to the development and use of ammonia recovery
technologies on industrial scale can be summarised as:
•

Low concentration in wastewater mainstreams which makes processes not costeffective;

•

Efficient removal to below the environmental limits;
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•

High operational costs and use of chemicals;

•

High environmental impact of the current recovery technologies.

In some stages of WWT plants the ammonium nitrogen concentration (NH4-N), term which
refers to the nitrogen content of ammonium, can increase up to 800 mg L-1. The NH4-N
concentration reaches such high levels in the sludge liquors because it is first accumulated by
the bacteria and then released during the anaerobic treatment of biomass. However, in the
wastewater mainstream the concentration is typically up to 35 mg L-1 [11,13]. Thus, the
concentration of NH4-N in wastewater is one key factor that affects the cost-effectiveness of
ammonia recovery technologies.
Challenges for the development of recovery technologies lie also in the efficiencies of these
processes. For example, the ion exchange technique with zeolites can potentially achieve
effective recovery but performance can drop in presence of competing cations, or after
regeneration, and considerable amount of brine is needed to regenerate the zeolites, thus
resulting in high operational costs. Regarding chemical precipitation, NH4-N is not completely
removed because the reaction takes place in equal molar ratio with the phosphate ion, but the
concentration of phosphorous is typically much lower. Lastly, operational costs are largely due
to the use of chemicals and maintenance operations, and this also contributes to the high
environmental impact of these techniques.
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2.8 Research objectives
This Engineering Doctorate (EngD) addressed the aim and scope of this research by tackling
the problem from two different perspectives, highlighted in Figure 3. The diagram also shows
an indicative nitrogen mass balance based on data from the literature and data provided by
Severn Trent [49].

Figure 3: Simplified representation of a WWT plant and of the techniques investigated (in green and orange) with an
indicative mass balance

During the first two years, the research was focused on the chemical precipitation technique.
As mentioned previously, this technology is typically used in ammonium-rich liquors
(concentration of circa 800 mg L-1), which are found after the anaerobic digestion stage, where
struvite spontaneously precipitates. In this research, thermal decomposition of the precipitate
was investigated to recover more valuable products (e.g. ammonia solution) and recycle the
chemical used as reagent in the treatment. This would result in a more sustainable process that
would reduce the use of chemicals and recover a higher quality, marketable product. The
specific objectives of this research were the following:
A.1 Can struvite be decomposed at low temperature and release ammonia and water,
both in a vapour form?
A.2 What is the mechanism of decomposition of struvite in the solid state and what
is the energy required?
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A.3 How can ammonia be recovered from the struvite decomposition and how can
the magnesium compound be recyclable and put back in the process?

Figure 4: Schematic view of the research questions regarding chemical precipitation technique

After providing answers to the questions above and evaluating the economic feasibility of the
process, another opportunity for research and development was identified in the adsorption
technology, a process that finds application in the tertiary treatment where concentrations are
generally much lower (5 – 35 mg L-1) and advanced treatments are carried out to make sure
the effluent concentration meets the standard. It is important to note that this technique may
follow a non-nitrifying biological secondary stage. Nitrification is in fact the aerobic process by
which ammonium and ammonia are oxidised to nitrate. However, this step is also responsible
for reducing organic matter, measured as Biochemical Oxygen Demand (BOD), which may not
meet the discharge limit if the nitrification process did not occur. Despite this research focuses
on ammonia recovery, it is important to have a holistic view of the treatment processes and
note possible side effects of changes in the design.
Regarding adsorption, this work assessed the role of the adsorbent media and aimed at
answering one key research question: what new materials could potentially be applied for
the adsorption of ammonium in a form that can be recovered?
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After a thorough literature review on porous materials, this work was directed towards MetalOrganic Frameworks (MOFs), a new class of nanomaterials. For this project, the principal aim
was the following:
Ø Understanding the behaviour of several water-stable MOFs towards the adsorption in
the liquid phase of ammonium and ammonia; and,
Ø Identifying the best characteristics of these MOFs for ammonium and ammonia
recovery from wastewater.
In particular, this research had the following objectives:
B.1 Evaluate the ammonium adsorption capacity of the selected MOFs in controlled
conditions;
B.2 Compare the adsorption performance with benchmark adsorption media
(zeolites);
After having established and identified the best MOF for this application, the research project
focused on understanding the mechanism of adsorption, with the following objectives:
B.3 Study the potential for increasing the adsorption capacity of the selected MOF;
B.4 Identify the adsorption behaviour by investigating adsorption isotherms using
Freundlich and Langmuir models; and
B.5 Deepen the knowledge regarding the adsorption/desorption mechanism
towards ammonium ions.
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3 Research methodology
3.1 Guide to the portfolio and the submissions
The EngD portfolio is illustrated in Figure 5 and is a guideline to the Sections of this document
and the related Submissions.

Figure 5: Structure of the EngD portfolio

A first literature review that aimed at analysing all the existing technologies for the removal
and recovery of ammonia from wastewater was written as Submission 1. The review reported
the advantages and disadvantages of both fully developed processes and lab-scale
technologies, revealing the gaps in the literature and setting the topics and the research
questions that needed to be addressed. From this review, the broad aim and more detailed
research objectives of the projects were defined. The project focused on two streams of work
which regarded the optimisation of an existing chemical precipitation process and the
development of a novel adsorption process for the tertiary treatment. This Section details the
materials and methods that were used to conduct the research for both techniques.
Submission 2 reported the research and outcomes of the experimental work regarding the
chemical precipitation technique, which involves the production of struvite (Section 4 of the
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Innovation Report). Starting from the assessment of existing knowledge, this study answered
the research questions A.1, A.2 and A.3 by providing new knowledge regarding the mechanism
of decomposition of struvite, which could be used to optimise this technology.
After achieving the research objectives related to chemical precipitation, a second literature
review explored research routes on the adsorption technology, with particular focus on the
available porous materials that could be suitable for this application (Submission 3). In this
review, several classes of materials were compared, from zeolites, resins, and hydrogels to
Metal-Organic Frameworks. A gap in the knowledge was revealed regarding the use of MetalOrganic Frameworks for this application. This review led to set the objectives for the second
project and is summarised in the introduction of Section 5. Section 5 reports also the
experimental work carried out in Submission 4, which regarded the investigation of several
Metal-Organic Frameworks for their use in ammonia adsorption in the liquid phase, fulfilling
the objectives B.1 and B.2. Submission 5 is reported in Section 6 and regards the research
carried out during the international placement at UNSW, Sydney (Australia). The work focused
on one particular MOF, ZIF-67, which emerged as the best MOF amongst the ones tested in
Submission 4. In this study, chemical modifications on the structure of the MOF were applied
to answer objective B.3, and thus increase the adsorption capacity towards ammonium.
Isothermal tests were conducted to understand the mechanism of adsorption, and further tests
were run to understand the desorption process (objectives B.4 and B.5). In Submission 5, a
section was dedicated to a preliminary cost-benefit analysis that compared the use of MOFs
with the more conventional zeolites. The cost-benefit analysis is reported in Section 7 of the
Innovation Report.
In summary, this research aims to provide new knowledge regarding the optimisation of an
existing ammonium recovery technique through the application of thermal decomposition of
struvite for the recovery of more valuable ammonium products as well as the development of
a new process in the use of MOFs as adsorbents for ammonium recovery in the liquid phase.
To the best of the author’s knowledge, currently no research has yet focused on the use of these
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materials for this application, and in particular ZIF-67. Nevertheless, growing interest in the
nanomaterials field and the innovative capacity of tailoring these materials for selective
applications could enhance and change the future of the adsorption technology.

3.2 Chemical precipitation: materials and methods
3.2.1 Materials
For this work, struvite (magnesium ammonium phosphate hexahydrate 98%) was purchased
from VWR International Ltd, named as “struvite A”. Severn Trent Water provided samples of
struvite produced at one of their sites, which will be name as “struvite B”.

3.2.2 Methods
This research involved thermal analysis as a first step to assess the results provided from
previous literature and verify the effective release of ammonia in vapour form. Moreover,
chemical characterisation techniques were used to identify the products of the decomposition.
These techniques include elemental analysis to determine the concentration of the elements
and also quantify the heavy metals present in the sample collected on site (Inductively Coupled
Plasma and CHN); Fourier-Transform Infra-Red spectroscopy (FTIR) to understand the
chemical structure; X-Ray Diffraction (XRD) to reveal the phase and crystallinity. A kinetic
analysis was then carried out to establish the reaction pattern and provide useful information
that is needed for the design of the technology. The methods employed for this study were the
isoconversional and model-fitting methods and are explained in Section 3.2.3. Preliminary
technical and economic considerations for the design of the technology were possible thank to
the data and information gathered in this research.
The techniques and instrumentation used in this study are highlighted in Table 2.
Table 2: Summary of the methods and corresponding instruments used to investigate struvite decomposition

Technique

Instrument

Notes

Thermogravimetric
Analysis (TGA)

Mettler Toledo TGA 1
STARe System

Nitrogen flow 50 mL min-1,
Alumina crucibles
(3 samples tested per condition)
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Nitrogen flow 11 mL min-1,
Alumina crucibles
(3 samples tested per condition)
Attenuated Total Reflection
(ATR) method, wavenumber 5004000 cm-1
(3 measurements per sample)

Differential Scanning
Calorimentry (DSC)

Mettler Toledo DSC 1
STARe System

Fourier Transform InfraRed (FTIR) spectroscopy

Cary Tensor 27

X-Ray Powder Diffraction
(XRD)

Panalytical X’Pert Pro
MPD

Cu Kα radiation

Scanning Electron
Microscopy (SEM)

Benchtop SEM
TM3030Plus, Hitachi

Magnification of 500

Inductively Coupled
Plasma (ICP)

PE Optima 5300 Dual
View ICP-OES Analyser

0.1 ppm accuracy

Elemental CHN analysis

CE 440 Elemental
Analyser

N.A.

3.2.3 Kinetic analysis: isoconversional and model fitting methods
Kinetic analysis is a tool to identify the mechanism and rate law of a reaction. The rate law of a
reaction expresses the dependence of the concentration of the reagents with the rate of the
reaction and other reaction constants. This information is useful to gain an understanding of
the reaction mechanism. By identifying the rate law of a reaction, it is possible to determine
the controlling factors, important information that can be used for the design of the reactor. In
this study, it was used to understand the mechanism of decomposition of struvite and its
activation energy Ea, the energy required for the reaction to take place. Several approaches can
be employed to determine the reaction model based on experimental data, including
isoconversional and model-fitting methods [50,51]. Both are derived from the Arrhenius
equation, which is the basic law of kinetics (Eq. 2):
%!

𝑘(𝑇) = 𝐴𝑒 $&'

(Eq. 2)
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Where k(T) is the rate constant, A is the pre-exponential factor, R is the universal gas constant
equal to 8.314 J K-1 mol-1 , and T is the temperature expressed in Kelvin. For both methods, the
conversion α is expressed as a function of the residual mass at a time t, mt:

𝛼=

𝑚( − 𝑚)
,
𝑚* − 𝑚)

(Eq. 3)

Where the initial mass of the sample is 𝑚! , and 𝑚" is the mass at the equilibrium, at 500 °C.
The conversion rate is defined as:
𝑑𝛼
= 𝑘(𝑇)𝑓(𝛼)
𝑑𝑡

(Eq. 4)

Where 𝑓(𝛼) is the reaction model.
In the case of the isoconversional technique, Friedman’s method was used, which required data
from thermal analysis carried out at different heating rates and involved the following
equation:

ln 6𝛽(

𝐸,
d𝛼
9 = ln:𝐴+ 𝑓(𝛼); − +
d𝑇(
𝑅𝑇(

(Eq. 5)

The index “i” denotes the different non-isothermal experiments carried out at different heating
rates (βi). With this method, Ea is simply determined as the negative of the slope of the resulting
#$

curve, by plotting ln (𝛽! #% * against 1/Ti (K-1) at selected values of conversion, whilst
!

ln+𝐴$ 𝑓(𝛼)- is the intercept.
Regarding the model-fitting method, data gathered from isothermal experiments was used. In
this method the reaction model 𝑓(𝛼) or 𝑔(𝛼) are calculated for every reaction model with the
experimental values of 𝛼. The different reaction models can be found in the literature and are
shown in Table 3 [52,53].
Table 3: Thermal decomposition in solids expressed through reaction models

Reaction model

𝒇(𝜶)

𝒈(𝜶)

1

Power law

4𝛼 &/(

𝛼)/(

2

Power law

3𝛼 */&

𝛼)/&
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3

Power law

2𝛼)/*

𝛼)/*

4

Power law

2/3𝛼 +)/*

𝛼 &/*

5

One-dimensional diffusion

1/2𝛼 +)

𝛼*

6

Mampel (first-order)

1−𝛼

−ln (1 − 𝛼)

7

Avrami-Erofeev

4(1 − 𝛼)[− ln(1 − 𝛼)]&/(

[− ln(1 − 𝛼)])/(

8

Avrami-Erofeev

3(1 − 𝛼)[− ln(1 − 𝛼)]*/&

[− ln(1 − 𝛼)])/&

9

Avrami-Erofeev

2(1 − 𝛼)[− ln(1 − 𝛼)])/*

[− ln(1 − 𝛼)])/*

*

)

10 Three-dimensional diffusion 2(1 − 𝛼)& (1 − (1 − 𝛼)& )+)

)

[1 − (1 − 𝛼)& ]*

11

Contracting sphere

3(1 − 𝛼)*/&

1 − (1 − 𝛼))/&

12

Contracting cylinder

2(1 − 𝛼))/*

1 − (1 − 𝛼))/*

13

Second-order

(1 − 𝛼)*

(1 − 𝛼)+) − 1

The function 𝑔(𝛼) is defined as:
+

𝑔(𝛼) = ?
-

𝑑𝛼
𝑓(𝛼)

(Eq. 6)

The function 𝑔(𝛼) is thus rearranged from Eq. 4 as:
𝑔. (𝛼) = 𝑘. (𝑇( )𝑡

(Eq. 7)

At this point, 𝑔(𝛼) was calculated for each reaction model j at the temperature of the isothermal
test Ti (75, 95 and 145 °C). Then, 𝑘, (𝑇) could be derived as the slope of the curve obtained by
plotting 𝑔, (𝛼) against t. At this point, Ea,j and lnAj were determined at the different Ti using the
Arrhenius equation (Eq. 2), as done previously for the isoconversional method. This approach
has a drawback compared to the isoconversional method because the activation energy Ea that
results from the calculation corresponds to an average that might not detect the dependency
of the variable with the conversion or temperature. Thus, the best approach that identifies 𝐸is the isoconversional method [53].
To determine the reaction model, the best fit could be calculated by using the residual sum of
squares that defines the goodness of fit:
1

𝑆,

*

𝑔, (𝛼! )
1
𝑡!
=
AB
−
G
𝑛−1
𝑡..0 𝑔, (0.5)

(Eq. 8)

!2)
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In the equation above 𝑡..0 is the reduced time variable that corresponds to t/tα with tα being
the time at which the reaction has attained a specific conversion (in this case it has been chosen
α = 0.5 as suggested in the book of solid state kinetics by Brown et al. [54]). Once the values of
𝑆, * are found, 𝐹, is calculated as following:
𝐹, =

𝑆, *

(Eq. 9)

𝑆3!1 *

Where 𝑆3!1 * is the smallest of 𝑆, * . The best fit could be identified as the closest to the one which
presents the minimum value of the residual sum of squared.

3.3 Adsorption: materials and methods
3.3.1 Materials
A cross-functional flowchart was developed to provide guidance for the design of the
methodology
and for the research of an innovative adsorbent (Figure 6).
Cross-Functional
Flowchart
Start
Choose the
adsorbent

Is it
resistant
to water?

Accumulation

No

Yes

Yes
Does it
adsorb
ammonium?

Is the
adsorption
capacity > 20
mg/g?

Yes

Is it
reusable?

Yes

Is the material
Yes
cheaper than
zeolite?

No
No

No

Can it be made
from waste
sources?

No

Yes

End

No

Figure 6: Cross-functional chart of the research pathway for an innovative adsorbent

Firstly, a selection of the most suitable MOFs was carried out. The essential criteria that would
make these materials attractive for the sustainable adsorption of NH4-N were defined as:
•

Water stability

•

Affinity towards ammonia/ammonium

•

Reusability

•

Surface area
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•

Green synthesis (where applicable)

The MOFs that were selected based on the aforementioned criteria are reported in Table 4.
Table 4: Summary of the selected MOFs with respect to the criteria

Material

Water
stability

NH3/NH4+
affinity

Reusability

Surface area
[m2 g-1]

Green
synthesis

Ref.

UiO-66 and
derivatives

Yes

Yes

Yes

1000-1200

Yes

[55–59]

ZIF-8 and
ZIF-67

Yes

Yes

Yes

1500

Yes

[60,61]

CPO-27 (Zn
and Ni)

Yes

Yes

Yes

257-1351

Yes

[62–64]

Ni(INA)2

Yes

Yes

Yes

12

Yes

[65]

HKUST-1

No

Yes

N.A.

700-1615

Yes

[66,67]

MIL-53 (Al)

Yes

Yes

Yes

945-3740

Yes

[68–71]

Out of the chosen materials, the followings could be sourced commercially: ZIF-8, ZIF-67,
CPO27(Ni), CPO-27(Zn), HKUST-1(Cu) and MIL-53(Al). These materials were purchased from
Promethean Particles Ltd and were used without further purification, as advised by the
company. The others were made on a lab scale by the researcher or by the Department of
Chemistry, at the University of Warwick. The details of those reactions can be found in
Submission 4 and will not be mentioned here as they are not of interest in this report.
In Section 6, the research was focused on ZIF-67 which was selected amongst the one tested.
In order to increase the adsorption capacity, structure modifications of ZIF-67 were applied
with several reactions (all carried out at room temperature). To carry out modifications of the
structure, ZIF-67 was synthesised in the lab on a gram scale according to the procedure by Yao
et al. in water at room temperature (RT), and it will be called ZIF-67 lab in Section 6 [72]. The
structure of ZIF-67 lab was compared to the one purchased from Promethean Particles
(referred to as ZIF-67 PP in Section 6). The chemical modifications that were carried out are
reported in Table 5.
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Table 5: Chemical modifications performed on ZIF-67

Structure
Modification

Temperature

Solvent

Notes

Cu-doping

RT

CH3OH

Method adapted from [73]

Addition of Ag NPs

RT

H2O

Ag NPS added to cobalt solution
during synthesis, reaction from [74]

Oxidised rCF/ZIF-67
composite

RT

H2O

Oxidised rCF added to the cobalt
solution during synthesys, reaction
from [74]

The procedures were carried out at room temperature. The oxidation of rCF was conducted
with sulfuric acid and nitric acid solutions at 60 °C, according to standard methods reported in
the literature [75]. The oxidised rCF were added to one of the precursors (cobalt nitrate)
during the synthesis reaction of ZIF-67 [74].

3.3.2 Methods
Firstly, a screening test was conducted to understand the suitability of the MOFs and their
capacity to capture NH4-N whilst retaining their structure (objective B.1). The techniques and
instruments that were used to characterise the materials are the same as the ones reported in
Section 3.2.2. The MOFs were tested in a batch system containing ammonia solution
(ammonium chloride) in fixed conditions of NH4-N concentration (100 mg L-1), initial pH
(neutral), volume of NH4-N solution (100 mL) and adsorbent loading (10 g L-1), as performed
in other adsorption studies [76–78]. The NH4-N concentration of 100 mg L-1 is a value inbetween the range of realistic wastewater concentrations. However, given the cost of the
materials used, the value was chosen considering the test as a proof of concept. As mentioned
above, the principal aim was to assess whether these materials could uptake any NH4-N at all
in a liquid system. Therefore, it was decided that a lower concentration might not have shown
any significant result. The samples and the ammonia solution were put in conical flasks and
placed in a shaking incubator (SI500, Stuart). The conditions of the test are summarised in
Table 6.
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Table 6: Conditions of the adsorption screening test

Temperature

Ambient

Pressure

Ambient

Initial pH

7

Volume of NH4-N solution

0.1 L

NH4-N concentration

100 mg L-1

Adsorbent dosage

1g

Agitation

200 rpm

Test duration

6h

The residual concentration of ammonium (NH4-N) in the solution was determined using
ultraviolet-visible spectrophotometry (UV-vis, DR 2800, HACH) at absorbance of 690 cm-1 and
the Ammonium Test Spectroquant® kit from Merck [79]. The linear correlation between
absorbance intensity at 690 cm-1 (x) and the concentration of ammonium (y) was found as:
𝑦 [mg L$/ NH! − N] = 11.860𝑥 − 0.282

(Eq. 10)

R2 = 99.9 %

The removal efficiency was calculated as below:

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 % =

𝐶- − 𝐶*
× 100
𝐶-

(Eq. 11)

where C0 and Ct are respectively the initial concentration in the solution and the NH4-N
concentration at a time t (mg L-1). The amount of ammonia adsorbed per gram of MOF at a time
t (Qt) is found as:
𝑄* =

(𝐶- − 𝐶* )
×𝑉
𝑚

(Eq. 12)

Where V is the volume of the NH4-N (L) solution and m is the mass of the adsorbent (g). From
Eq. 12 is also possible to calculate the adsorption amount at the equilibrium Qe by using Ce,
which is the concentration at the equilibrium.
The MOF that showed the best performance was selected and more detailed experiments were
carried out, where all the aforementioned conditions were varied to assess the behaviour of
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the adsorbent in different environments. The pH was varied between 2 and 8, the adsorbent
loading between 1 g L-1 and 30 g L-1, and NH4-N concentration in the range of 25-500 mg L-1.
When changing one of the parameters, the others were kept constant.
When ZIF-67 was selected for further tests (Section 6) and chemical modifications were
carried out, all the samples were then activated at 150 °C for 2 hours before being used, to
remove the solvent from the pores. The structure of the materials was characterised with the
methods reported in Section 3.2.2. Additionally, the morphology of the materials was analysed
also with Transmission Electron Microscopy (TEM, FEI Tecnai G2 20) techniques. Moreover,
the surface area, void volume isotherms were investigated using the Brunauer-Emmett-Teller
(BET) method. Lastly, X-ray photoelectron spectroscopy was used to determine the
functionalisation of rCF.

3.3.3 Kinetic analysis
A kinetic study was conducted to understand the mechanism of adsorption and compare it with
conventional adsorbents, such as zeolites (objective B.2). Kinetics analysis helps to understand
how the system reaches the equilibrium, the nature of the interaction between adsorbent and
adsorbate, and the variables that influence the process. Typically, the two models considered
for the adsorption process are the Pseudo-first order model (PFO) and the Pseudo-second
order model (PSO). The former was proposed by Lagergren in 1898 to describe a liquid-solid
adsorption system [80,81]. The latter was developed more recently by Ho et al. [82].
The models are based on the following equation:
𝑑𝑞𝑡
𝑑𝑡

𝑛

= 𝑘𝑛 +𝑞𝑒 − 𝑞𝑡 -

(Eq. 13)

Where 𝑘1 is the rate constant and it is expressed in min-1, and 𝑞4 and 𝑞5 are the uptake of
adsorbate per mass of adsorbent respectively at the equilibrium and at the time t, expressed in
mg g-1. In the case of PFO, the equation is integrated for 𝑛 = 1 and it is solved considering that
at 𝑡. = 0 the amount adsorbed is zero (𝑞5 = 0), whereas at 𝑡 = 𝑡6!1 , 𝑞5 = 𝑞4 , indicating the
maximum adsorption capacity. The result of the integral between 𝑡. and 𝑡6!1 is as follows:

26

(Eq. 14)

𝑙𝑛(𝑞3 − 𝑞* ) = ln 𝑞3 − 𝑘/ 𝑡

This expression can be rewritten in respect to 𝑞5 :
𝑞𝑡 = 𝑞𝑒 (1 − 𝑒−𝑘1 𝑡 )

(Eq. 15)

Considering that 𝑞5 and 𝑞4 are available from experimental data, it is possible to use the linear
correlation in Eq. 14 to calculate 𝑘) . In fact, by plotting 𝑙𝑛(𝑞4 − 𝑞5 ) in respect to time, −𝑘) is
found as the slope of the curve and ln 𝑞4 can be determined as the intercept.
Regarding PSO, Eq. 13 is integrated for 𝑛 = 2 with the same boundaries, and the result in
respect to 𝑞5 is as follows:
𝑞𝑡 =

𝑞𝑒 2 𝑘2 𝑡

(Eq. 16)

𝑞𝑒 2 𝑘2 𝑡 + 1

Eq. 16 can also be expressed in a linear form:
𝑡
𝑞𝑡

=

1
𝑘2 𝑞𝑒

+
2

1
𝑞𝑒

𝑡

(Eq. 17)
5

From Eq. 17, 𝑘* and 𝑞4 can be obtained by plotting 7 versus time. Once 𝑘) , 𝑘* , and 𝑞4 for both
"

models are determined, the best fitting is revealed by plotting 𝑞5 in respect to time for both
models and comparing it to the experimental data.

3.3.4 Adsorption isotherms
The equilibrium data in isothermal conditions was analysed with Freundlich and Langmuir
models to understand the adsorption mechanism of the chosen adsorbent. This data is highly
valuable to identify the interactions between adsorbate and adsorbent. The Freundlich and
Langmuir models are two-parameter correlations that had been initially developed for gaseous
adsorption systems [83,84]. However, they are now extensively used also to characterise liquid
adsorption systems. The Langmuir model is a theoretical construct which assumes that the
adsorption happens on a homogeneous surface, on a single layer where the adsorption sites
are identical [85]. It also considers that the process is reversible and that once the adsorption
site is occupied by the guest species, that site will not be available for further adsorption. The
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model should show a plateau at high concentrations that indicates complete saturation of the
sites has been reached. The Langmuir equation is shown below:
𝑄3 =

𝑄- 7,8 𝐾9 𝐶3
1 + 𝐾9 𝐶3

(Eq. 18)

The equation can be used in the linearised form proposed by Hanes-Woolf:
𝐶3
1
1
=[ \ 𝐶3 + 𝑄3
𝑄 7,8
𝑄 7,8 𝐾9

(Eq. 19)

Where 𝑄. 3-8 is the maximum saturated adsorption capacity on the monolayer, expressed in
mg g-1 and KL (L mg-1) is the Langmuir constant which indicates the affinity of the adsorbate
towards the adsorbent. To better understand this model, the separation factor RL
(dimensionless) can be used. This parameter depends on the initial concentration C0 and is
defined as:
𝑅9 =

1
1 + 𝐶- 𝐾9

(Eq. 20)

If RL is less than 1 the adsorption is favourable, if RL > 1 the adsorption is unfavourable. Lastly,
if RL is equal to 1 the process is linear.
The Freundlich model is an empirical model which states that the adsorption is heterogeneous
and takes place on multilayers. Compared to Langmuir model, this correlation does not
describe the saturation of the adsorbent at high concentrations. The nonlinear Freundlich
equation is the following:
𝑄3 = 𝐾: 𝐶3 ;

(Eq. 21)

𝑙𝑜𝑔𝑄3 = 𝑛 log 𝐶3 + 𝑙𝑜𝑔𝐾:

(Eq. 22)

Which is linearised as follows:

In this case, the Freundlich constant is KF (mg g-1)/(mg L-1)n, whilst n is a parameter which
expresses the intensity of the adsorption or the surface heterogeneity. The adsorption is
favourable when n < 1, whereas it is unfavourable when n > 1.
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4 Chemical precipitation: struvite thermal decomposition to
recover ammonia solution
This section first analyses the research gaps concerning chemical precipitation, which were
briefly introduced in Section 2. Afterwards, it discusses the findings of the experimental work
carried out regarding this technology. The research reported in this Section has been accepted
for publication by Journal of Thermal Analysis and Calorimetry.

4.1 Introduction
Chemical precipitation is one of the limited technologies that recover both phosphorous and
ammonium in the form of struvite, a mineral that finds applications as a slow-release fertiliser.
This technology is being already applied in one of Severn Trent WWT sites, and is also
employed in other waste streams with high nutrients concentration (e.g. manure and pig
slurry) [86,87]. It was initially developed to overcome pipeline blockages and inefficiencies
caused by the spontaneous precipitation of struvite after the anaerobic digestion stage, where
the effluent is rich in phosphorous and ammonium. The uncontrolled accumulation of struvite
in the stream causes additional maintenance operations and extra costs (e.g. pump breakage)
[46].
Struvite (MgNH4PO4·6H2O)precipitates spontaneously due to its very low solubility product
(3.89 x 10-10 at 25 °C in wastewater, 4.330 x 10-14 at 25 °C in aqueous solution) [88,89]. The
reaction is the following:
Mg2+(aq) + PO43-(aq) + NH4+(aq) + 6H2O(l) à MgNH4PO4∙6H2O(s)

(Eq. 23)

The reagents react in molar ratio of 1:1:1. Since the magnesium content in the stream is much
less than the ammonium and phosphate ions, magnesium chloride (MgCl2) or magnesium oxide
(MgO) are dosed to initiate a controlled precipitation. Therefore, the use of this chemical
significantly increases the operating cost of the technology. Another cost contribution is the
dosage of sodium hydroxide needed for pH control, another parameter that affects
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crystallisation [90]. Furthermore, the precipitate usually contains heavy metals that affect the
crystal growth of struvite [91]. Depending on their concentration, they also negatively impact
on the value of struvite, that must be treated before being sold commercially [92]. Struvite can
be worth £ 60 tonne-1, whereas the cost of MgCl2 is £ 590 tonne-1 and on average 0.6 tonne are
dosed to produce 1 tonne of struvite (data provided by Severn Trent Water). Therefore,
without taking into account other costs (e.g. energy, labour, maintenance operations) the
process is not cost-effective, and optimisation is needed to improve the value of the product.
Recently, researchers have highlighted the possibility of thermally decomposing struvite to
recycle the magnesium. Consequently, research studies have demonstrated struvite can be
decomposed upon heating, losing ammonia and water molecules which make over 50 % of the
solid [93–95]. Currently, the mechanism of decomposition has not yet been established. From
an industrial perspective, it is important to identify the way struvite decomposes and what the
decomposition product is, to understand what the optimal process conditions are and whether
the final product can be reused as magnesium source. Sugiyama et al. [96] used solid state NMR
and X-Ray diffraction techniques to affirm that struvite first transforms to magnesium
hydrogen phosphate (MgHPO4) and then into magnesium pyrophosphate (Mg2P2O7). The
mechanism in which the intermediate compounds are formed was not explained in this study.
At temperatures higher than 200 °C the calcination product was amorphous. Contrarily,
Bhuiyan et al. [94] indicated MgHPO4 as the final calcination product (equal to 51 % of mass
loss). Moreover, they stated that the compound loses crystallinity when the water molecules
start evaporating. Chen et al. proposed several intermediate steps, but the chemical reaction
were incorrectly balanced and the theory was only supported by Fourier Transform Infra-Red
spectroscopy [95]. It has been reported in several studies that the decomposition is affected by
the heating rate [93,94]. Frost et al. confirmed that with a heating rate of 2 °C min-1 struvite
began to degrade at 85 °C, whereat at 1 °C min-1 the decomposition began at circa 40 °C [93].
This research concluded ammonia is released before water at 1 °C min-1. This was confirmed
with mass spectrometry that analysed the gases. However, the results could be incorrect as the
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molecular weight of water and ammonia is similar (respectively 18 and 17 g mole-1). Therefore
integration of this data with quantitative analysis would have been beneficial. In this regard,
Bhuiyan described the mechanism as the simultaneous release ammonia and water in one
stage, which was faster with slower heating rates [94]. This was concluded from the
thermogravimetric analysis and the shape of the derivative curves.
Thus, due to the contradictory information present in the literature the reaction mechanism of
struvite calcination and the opportunity to recover valuable products have not yet been
discerned. Therefore, this research investigated struvite decomposition in the solid state and
carried out a kinetic analysis to investigate the mechanisms of the reactions involved.

4.2 Results and discussion
4.2.1 Material characterisation
Firstly, struvite A (purchased) and B (sample collected from Severn Trent) were compared to
investigate any relevant differences. Struvite B appeared as a light brown powder, different
from the white fine powder of struvite A. The FTIR spectra of struvite A and B are reported in
Figure 7 and no significant difference was detected between the two samples, showing the
same important peaks that characterise struvite, as reported in the literature [97,98]. In
particular, the ammonium bond H-N-H corresponds to the band at 1431 cm-1 wavenumber
[93].
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Figure 7: FTIR of struvite A and B from 4000 to 500 cm-1 in transmittance mode

Figure 8: XRD pattern of struvite A and B

The XRD results (Figure 8) provided two very similar spectra, despite differences were
detected regarding the intensity of some peaks. This could be due to several reasons, including
different grain size of the two materials, crystallite size or sample preparation. Overall, the
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identical mineral phase of the two samples could be confirmed. These results mean that the
impurities that might be present in struvite B did not alter the chemical structure of the sample,
which is an important requirement for the value of the product.
Nevertheless, it was in fact confirmed that the two materials differed substantially from a
morphological point of view (Figure 9). Struvite A has a neat crystal-like structure with crystals
of circa 100 µm width, whereas struvite B has grains of various shape, and the size that ranges
from 10 to over 100 µm.

Figure 9: SEM images of struvite A (left) and struvite B (right)

This difference may already denote an uncontrolled precipitation reaction for struvite B that
could be due for example to a lack of pH control; whilst struvite A has been synthesised
industrially in specific conditions to obtain the optimal product specifications. In this regard, it
has been reported how for example the presence of calcium can influence the precipitation of
struvite, by affecting the crystal growth rate [99]. Other images of struvite precipitate from
wastewater similar to the image of Struvite B shown in Figure 9 can be found in the literature
[100–102]. The different shape and size of the crystals should not affect their quality which is
guaranteed by matching mineral phases shown in the XRD analysis (Figure 8) [103].
From ICP elemental analysis, it also resulted that the content of magnesium in both struvite A
and B was higher than the theoretical value, 9.90 % (Table 7). For struvite A this was also
coupled with a higher phosphorous content. Considering that Mg, P and N react with a molar
ratio of 1:1:1, these results could suggest the presence of a fraction of the unreacted precursor,
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magnesium chloride. Table 7 also shows how the values of commercial struvite Crystal Green®
synthesised by the Ostara technology are almost equal to the theoretical concentrations [104].
Table 7: ICP-OES on struvite B, Mg and P concentrations expressed in % wt/wt

Element

Unit

Mg

%

P

%

Struvite
(Theoretical
values)

Commercial
struvite (Crystal
Green®), [104]

Struvite A

Struvite B

9.90

11.34

10.57

10.00

12.60

17.42

12.41

12.60

The elemental analysis identified the presence of impurities in the samples, which were
analysed for several elements, including heavy metals like arsenic, cadmium, chromium, lead,
nickel and mercury that must be within limits set by the EU fertilisers regulation (EC
2003/2003) [105]. For clarity, the value of cadmium had to be expressed in mg kg-1 P2O5, as it
is referred to in the regulation. Struvite A resulted to be highly pure, as expected, with the
concentration of most elements being below 0.1 ppm (Table 8).
Table 8: ICP-OES on struvite B, metals concentrations expressed in ppm (* Cd concentration has been converted to
mg kg-1 P2O5 to compare it with Crystal Green and EU regulations)

EU current Fertiliser
Regulation, EC
2003/2003

Element

Unit

Struvite A

Struvite B

As

ppm

0.00

30

60

Ca

ppm

1.83

5303

N.A.
60 mg kg-1 P2O5

Cd

ppm

0.00

15.8 (= 55.5
mg kg-1
P2O5*)

Cr

ppm

0.00

11

2

Cu

ppm

0.01

12

N/A

Hg

ppm

0.00

<5

2

Ni

ppm

0.07

24

120

Pb

ppm

0.00

19

150

Zn

ppm

0.06

28.2

N/A
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More importantly, Struvite B resulted to contain several impurities. Calcium was determined
as the most abundant with 5303 ppm, and this may confirm the hypothesis mentioned above
that indicated the influence of the metal on the morphology of struvite. Regarding the metals
that are considered hazardous, most of them were found to be below the EU limits.
Nevertheless, cadmium was just under the threshold value of 60 kg-1 P2O5, and chromium and
mercury exceeded the limits. Chromium resulted to be more than 5 times above the maximum
concentration, and mercury was over two times the limit of 2 ppm. These metals are highly
pollutant and can be a threat for soil contamination. Thus, from this test it emerged that the
wastewater-based struvite could potentially be unsuitable as a commercial fertiliser. However,
it is important to consider that this is the result of a single test, thus further analysis would be
required to confirm this preliminary data. Nevertheless, if the results were confirmed, it would
implicate the need to pre-treat the solid to reduce the concentration of the heavy metals, before
being able to sell it as fertiliser. In fact, the presence of these contaminants in the product
lowers its economic value. In recent studies, the possibility of using a hydrothermal treatment
was discussed as pre-treatment before struvite precipitation to remove heavy metals and other
contaminants [91,106]. The process conditions were a temperature range between 180 and
220 °C, respectively in nitrogen or oxygen atmosphere (thermal hydrolysis and wet oxidation
processes), and 30 bar of pressure. The study claims that this would allow a reduction in the
sludge and heavy metals content, with a higher recovery of phosphorous [106]. However, high
costs and energy would be involved in adding this process to a WWT plant. The cost analysis
revealed a positive economic return with the wet oxidation technique, nevertheless the study
considered MgO as precursor of the struvite precipitation (cheaper but less effective than
MgCl2) and did not account for the energy required. Ultimately, the elemental analysis further
confirmed that due to the heavy metals content present in struvite B, it is important to find an
optimisation of this process to obtain a higher-quality product.
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4.2.2 Heating rate influence on struvite degradation
The thermal analysis confirmed some knowledge that was already present in the literature, but
also revealed new important information that will be useful for the design of the struvite
decomposition technology.
Thermogravimetric analysis (TG) involved calcination of the samples from 25 to 500 °C. The
samples showed structured decomposition curves and their derivatives with respect to time
(DTG) at different heating rates, with a maximum mass loss of 54.5 %, that corresponds to the
evaporation of water and ammonia (Figure 10). The plotted lines are the mean of three tests
carried out for the two samples in each condition and the standard deviation was found to be
less than 1 %. The curves of struvite A and B almost overlapped during the major mass loss,
confirming a similar behaviour of the two samples.

Figure 10: TG and DTG curves of struvite A (continuous line) and B (dash) at heating rates of 20, 10, 5, 0.5 °C min-1,
curves are the mean of three samples, average standard deviation below 0.3 % apart from 0.5 °C min-1 (< 1 %)

A slight difference was noted in the residual mass, where the residual mass of struvite B at 500
°C was 46.3 %, whereas struvite A had 45.3 %. The difference of 1 % could be associated to the
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excess of magnesium and non-volatile heavy metals. However, it could mostly be due to the
presence of calcium which was detected in higher concentration with the elemental analysis,
or iron, commonly present in wastewater, especially if added as treatment to remove
phosphorous. Overall, the rate of mass loss was not influenced by the contaminants. In fact, a
statistical analysis (T test) was carried out on the comparison of the mean of the tests between
struvite A and B. It was found that there was a statistically significant difference between the
struvite A samples and the struvite B samples, even though the average mean difference was
0.14 %. This test also confirmed how the degradation of struvite is affected by the heating rate
(Figure 10). Indeed, the calcination onset temperature decreased when the heating rate
diminished, as previously reported in the literature [94,107]. At 0.5 °C min-1 struvite A started
losing mass at 31.8 °C, and the temperature at which the rate of decomposition was the greatest
was 76.8 °C. On the contrary, at 20 °C min-1 the decomposition began at 68.3 °C and achieved
its maximum rate only at 129 °C. This might indicate that in an industrial process, where the
temperature of the reactor would be kept isothermal, most of the degradation could be
achieved at a temperature below 80 °C. This result would positively achieve objective A.1, by
confirming that both NH3 and H2O can be released at relatively low temperature. However, the
greatest mass loss is due to the evaporation of the six molecules of water, which make 44 %
wt/wt of the sample. Therefore, it was necessary to conduct further analysis understand the
maximum temperature required to evaporate all the ammonia.

4.2.3 Evidence of multi-stage degradation
Further experiments were carried out based on the results of the previous analysis. The
conditions in this case were isothermal to investigate the behaviour of struvite in a more
realistic environment and understand the minimum temperature required to decompose the
material and release the ammonia. This test was only performed on struvite B, having
previously established its identical behaviour with struvite A. The isothermal conditions were
40, 50, 60 and 75 °C, which were the temperatures at which the biggest mass loss occurred at
0.1 °C min-1.
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Figure 11: TG curve of isothermal tests on struvite B at temperatures of 40, 50, 60, 75 °C for 5 hours

The evaporation at 40 and 50 °C was less than 10 % (Figure 11). At 60 °C, a mass loss of 21.5
% was noted over 5 hours, whilst at 75 °C there was a decrease of 42.2 %. Still, this percentage
is lower compared to the 54.5 % obtained with a complete decomposition, indicating that 12.3
% of the mass could not be released at that temperature. These samples kept at 60 and 75 °C
were analysed with CHN and the nitrogen content was respectively 4.27 % and 2.61 %,
compared to the original sample which had 5.47 %. This data proved that there is simultaneous
evaporation of ammonia and water, as reported by Frost et al. [93]. Moreover, from an
industrial point of view it emerged that the temperatures of interest for the evaporation of all
the ammonia are above 75 °C. Thus, a multi-stage isothermal experiment was carried out with
the following steps: 75 °C, 145 °C, 250 °C and 500 °C. The temperatures were chosen as
intervals between 75 °C and 500 °C. In Figure 12 (left), the TG and DTG curves are shown. For
clarity, the coloured bars correspond to isothermal conditions, whereas the white bars indicate
when the temperature is being increased.
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Figure 12: Multi-stage isothermal test on struvite A (left), and corresponding ATR-FTIR of the samples decomposed
at the following temperatures: 75, 145, 250, and 500 °C (right)

The TG graph reveals that at 250 °C struvite is not fully decomposed, and this is further
confirmed by the FTIR which shows the ammonium peak (ν4 bending mode vibration at 1431
cm-1) is still present at this temperature (Figure 12, right).
Another important consideration that can be drown from the FTIR spectra is that two different
compounds can be distinguished. In fact, the spectra have similar patterns until 145 °C, with
the antisymmetric stretching ν3 of HPO42− and PO43− at 880 cm-1 1000 and 1062 cm-1, whereas
from 250 °C up to 500 °C the spectra changed in the fingerprint region, with a shift of these
three peaks and the formation of a peak at circa 750 cm-1, which can be attributed to the
bending vibrations of O-P-O. This may indicate that struvite decomposes to MgHPO4, and then
into Mg2P2O7, as suggested in the literature [94,95]. However, from this study it can be
concluded that even though this transformation happens between 145 and 250 °C, nitrogen is
still present even though in a small fraction. CHN analysis confirmed that all ammonia is
removed at 500 °C, with 0.15 % left in the sample. Several compounds have been suggested in
the literature as possible calcination products, including magnesium pyrophosphate
(Mg2P2O7), magnesium phosphate (Mg3(PO4)2), and magnesium hydrogen phosphate
(MgHPO4) [93,94,96]. The FTIR in Figure 13 (left) is consistent with previous findings, which
report the peaks at 1105 and 929 cm-1 as indication of the formation of Mg2P2O7 [48,108]. The
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XRD in Figure 13 (right) indicates that loss of crystallinity occurred during calcination and it
did not allow the identification of the mineral phase.

Figure 13: FT-IR in transmittance mode (left) and XRD (right) of the calcination product of struvite A obtained from
TG tests conducted up to 500 °C

4.2.4 Energy required for the degradation
After having identified the final decomposition product, differential scanning calorimetry
technique (DSC) was used to identify the energy required to release completely the ammonia
present in the compound. The curve has two peaks, confirming a two-step decomposition
mechanism (Figure 14). The first peak was also observed previously in the TGA graph and
regards the greatest mass loss. The second peak was not detected in the DTG curve and is at
circa 250 °C. This is highly important because it has not been reported previously and indicates
the presence of two distinct reactions. It is also possible to determine the temperature required
for each reaction to take place at the heating rate of 10 °C min. In this condition it seems
possible to decompose struvite to MgHPO4 at a temperature of circa 150 °C and remove most
of the ammonia. MgHPO4 could be then recycled as feed for the chemical precipitation, reducing
the use of MgCl2.

40

Figure 14: TG-DSC curves of struvite A at 10 °C min-1

From the graph it was revealed how the decomposition was completed within 30 minutes at
the heating rate of 10 °C min-1. The energy was determined from the integration of the DSC
curve to achieve objective A.2 of this research. It was found to be 1.87 kJ g-1 (1.371 kJ g-1 for the
first peak, 0.497 kJ g-1 for the second peak). This includes the energy required for the
transformation of the compound, but also the latent heat of vaporisation of both ammonia and
water. This heat is embedded in the energy of the first peak, since all the water and most
ammonia evaporate within that temperature range. The latent heat of vaporisation of ammonia
was calculated as 0.029 kJ g-1, whilst the one for water was 0.970 kJ g-1. The activation energy,
which is the energy necessary for the chemical reaction, is calculated by subtracting these
values from the energy found for the first peak and is 0.37 kJ g-1. The activation energy value
will be derived from the models in the next paragraph and compared to this data.
Considering a plant that serves 800,000 person equivalent (PE), requires 7200 kWh day-1 of
energy supply and produces 1000 kg of struvite per day, the energy value to completely
decompose struvite at 500 °C found in this study represents 7.2 % of the total energy needed
for the plant (7200 kWh day-1). If considering only the first step of the decomposition, the
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energy value would be 5 % of the overall energy of the plant. Thus, despite for a typical WWT
plant the temperatures required are very high, actually the energy requirement and quantity
of material being heated is very low. Furthermore, the decomposition could take place within
minutes (less than 30 minutes were necessary to complete the degradation when heating from
25 °C at 10 °C min-1), and the energy value calculated through these experiments does not take
into account the energy that could be recovered associated with the condensation and recovery
of ammonia solution from the gas phase.

4.2.5 Determining the reaction mechanism of struvite decomposition
As mentioned in the methodology (Section 3.2.3) kinetic analysis is essential to determine the
controlling factors of the reactions and the parameters that are necessary to design the reactor
for the thermal decomposition process. A first graphic determination of the mechanism of
decomposition of struvite is obtained with the plot of the conversion (α) against temperature
(Figure 15, left) and the derivative of α with respect to temperature against α (Figure 15, right).

Figure 15: Rate of conversion α of struvite decomposition (left), and plot of the derivative dα/dT against conversion
(right) at different heating rates

The curves were compared with the ones from Khawan and Flanagan and for α < 80 % the
curve resulted to be similar to an order-based model or diffusion model [109]. For α above 80
% the trend changed significantly, and this behaviour could correspond to a deceleratory
region where the model is difficult to determine [51]. In this regard, the Friedman’s method
provided more insights of the decomposition process. From the graph in Figure 16 (left) it
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emerged that the curves had different slopes, indicating that the activation energy Ea (found as
the slope of the curves) depends on conversion. This information is quite important, because
it indicates that the decomposition of struvite follows a multi-step process.

Figure 16: Plot of ln(βdα /dT) versus 1/T of struvite for different values of α (left); Activation energy (right) of
struvite degradation derived with the Friedman's method

Indeed, the activation energy should be constant at every value of conversion if the
decomposition happened as a single-stage reaction. This result can be also understood by
looking at the graph in Figure 16 (right), where two clear trends are depicted: with α is between
0 and 0.75 the activation energy drops when the temperature increases; with α between 0.75
and 1 𝐸- diminishes when T increases (Figure 16, right). Therefore, it was revealed that two
main reaction steps occur from heating struvite between room temperature and 500 °C. This
graph further confirms the second region as a deceleratory phase of the degradation.
Therefore, the model-fitting approach was conducted only to the first reaction (0 < α < 0.75).
From Table 9, where the F function is reported (Eq. 9, Section 3.2.3) it can be seen that the
closest reaction models to the experimental data are models’ number 5 and 6 which
correspond to a one-dimension diffusion model and a first-order model.
Table 9: Arrhenius parameters for struvite decomposition calculated with the model-fitting method

Reaction
Model
1
2
3

F = Sj2/S2min

E/kJ mol-1

log(A)/min-1

7.573
7.183
6.415

85.97
82.71
78.30

23.43
22.51
21.24
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4
5
6
7
8
9
10
11
12
13

2.177
1
1.148
6.651
5.945
4.552
5.583
2.112
2.645
5.243

65.21
60.72
61.49
80.06
76.52
71.46
52.04
64.75
66.29
50.47

17.12
15.59
16.72
21.88
20.91
19.53
11.46
16.40
17.17
14.08

The activation energy determined for this model is 60.72 kJ mol-1 (0.24 kJ g-1), in accordance
with the average value found for the first reaction with the Friedman’s method (Figure 16,
right), and comparable to the value calculated from the DSC (0.37 kJ g-1). The conversion could
be determined using Eq. 7. In order to do so, 𝑘M, (𝑇) was calculated as the average rate constant
of the three temperatures for each reaction model. Thus, for example, in case of reaction model
one:
𝑔) (𝛼) = 𝛼)

)/(

= 𝑘M (𝑇)𝑡

𝛼) = (𝑘M (𝑇)𝑡)(

(Eq. 24)
(Eq. 25)

Figure 17 reports the plot of the conversion against the reduced time at 75 °C. The
experimental values of conversion in red resulted to have better match with the one-dimension
diffusion model.

Figure 17: Plot of conversion of the different reaction models against reduced time at 75 °C.

44

The experimental conversion is marked in red; the other curves refer to the reaction models
defined in Table 3 (Section 3.2.3).
This suggests that the controlling factor for the first reaction occurring during the
decomposition is likely to be the diffusion of ammonia and water molecules. The fact that onedimension diffusion matched the experimental data much more closely than the threedimensional one can be due to the fact that the data used in this analysis was gathered from
the thermogravimetric experiments, which were conducted in small crucibles with small
amounts of samples. Therefore, it is fair to assume that the release of ammonia and water is
likely to have happened only in the vertical dimension. From an industrial perspective, this
information can provide guidance in the design of the technology, since a reaction controlled
by diffusion could be accelerated under stirring. In fact, agitation allows to maintain a
concentration gradient at the reaction interface, thus endorsing convective transfer.
Thus, by combining the kinetic analysis with the thermal analysis and the characterisation
analysis it can be concluded that the first reaction transformed struvite into MgHPO4 (Eq. 26),
as can be confirmed by the FTIR spectra, even though not all ammonia is removed.
MgNH( PO( ∙ 6H* O(:) → MgHPO( (:) + NH&(=) ↑ +6H* O(=) ↑

(Eq. 26)

The reaction is regulated by diffusion of water and ammonia molecules from the solid to the
gas phase. From 250 °C to 500 °C the decomposition undergoes a second step, as also
highlighted in the DSC experiment, from which MgHPO4 is transformed into Mg2P2O7 (Eq. 27).
2MgHPO( (=) → Mg * P* O>(?) + H* O(=) ↑

(Eq. 27)

4.3 Considerations on the design of a struvite decomposition technology
The determination of the struvite decomposition mechanism achieved in this study provided
the opportunity for considerations regarding the reuse of the struvite decomposition products.
This allowed for a preliminary design of the technology that answered research question A.3.
First of all, this research revealed the presence of two distinct steps of decomposition. The two
products are magnesium hydrogen phosphate (MgHPO4) and magnesium pyrophosphate
(Mg2P2O7). The latter compound is insoluble in water [110], whereas the former has a solubility
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of 0.25 g L-1 (from safety data sheet, Merck). Therefore, in order to reuse the decomposition
product, it is necessary to use MgHPO4, since the insolubility of Mg2P2O7 would prevent the
compound from reacting again with the NH4-N present in the stream. Recently, research has
shown that MgHPO4 can be effectively reused for several cycles without further addition of
chemicals [111]. Moreover, from the thermal analysis it was highlighted that 42.2 % of mass
loss of struvite could be reached at 75 °C. Therefore, one option could consider the use of lowgrade heat to evaporate large part of the water and a small fraction of ammonia. Then, a second
step could look at completing the first reaction to obtain MgHPO4 by heating the solid at 250
°C (Figure 18).
NH3 (g) + H2O(g)
Influent
NH3 (g) + H2O(g)

H2Oin
NH3 solution

MgCl2 (s)

Residue

MgNH4PO4·6H2O (s)

Condenser

Struvite precipitation

Calcination
T = 75 °C

Calcination
T = 250 °C

H2Oout

MgHPO4 (s)

Effluent

Figure 18: Conceptual Process-flow of one option for a struvite decomposition technology

Another important consideration is that reusing MgHPO4 could help recovering more of the
NH4-N present in the stream, which is much higher than the phosphate content at this stage of
the plant. As mentioned in the introduction, the struvite precipitation is usually applied after
the anaerobic digester, where due to bacterial activity the concentration of NH4-N in the liquors
can reach 800 mg L-1. The concentration of the phosphate ion at this stage is within 60-100 mg
L-1, making it the limiting reagent of the struvite precipitation reaction. Usually, the effluent is
recycled at the head of the works, keeping the nitrogen in a closed loop. Thus, having MgHPO4
recycled in the feed would be beneficial to recover more NH4-N and reduce the use of MgCl2
needed for the precipitation. Despite it could be argued that the phosphorous would then be
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left in a closed system, MgHPO4 would be retained for longer in order to maximise the NH4-N
recovery, before being recovered from the system.

4.4 Summary
Struvite decomposition in solid state was investigated to understand if ammonia could be
released and recovered as a more valuable product, and the magnesium source could be
recycled in the system, saving part of the costs of the expensive chemical used.
Thermogravimetric analysis showed the influence of the heating rate in the decomposition of
struvite: the calcination onset temperature decreased at lower heating rates, confirming
results from previous studies. At 0.5 °C min-1 the decomposition started at circa 31 °C.
Isothermal tests highlighted the possibility of degrading struvite at low temperature. Indeed,
42 % of the total mass could be evaporated by heating struvite at 75 °C. Furthermore, elemental
analysis on the samples proved that ammonia and water are released simultaneously from the
sample contradicting previous studies. The analysis confirmed that nitrogen (2.5 % of the
sample) is left in struvite at that temperature. Ammonia could not be completely released
below 250 °C, as shown from the infra-red spectra. The final calcination product was found to
be magnesium pyrophosphate. Although thermogravimetric analysis and the first derivative
displayed one main peak, the differential scanning calorimetry technique highlighted the
presence of two major events that represent a change in the phase or in the structure of the
sample. This result was also confirmed by the kinetic analysis that revealed the presence of
two different reactions. The kinetic analysis highlighted that the first one is likely to be an
order-based or diffusion model, meaning diffusion is the main phenomenon controlling the
decomposition. From an industrial point of view, a diffusion-controlled reaction means that the
decomposition will be sped up under agitation. The decomposition reactions proposed in this
study were the following:
MgNH( PO( ∙ 6H* O(:) → MgHPO( (:) + NH&(=) ↑ +6H* O(=) ↑
2MgHPO( (=) → Mg * P* O>(?) + H* O(=) ↑
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The first reaction transforms struvite into MgHPO4 and is completed at circa 250 °C, whereas
the second reaction converts MgHPO4 into Mg2P2O7. The energy required to complete the
degradation, calculated from the DSC curves, was found to be 1.87 kJ g-1 at 10 °C min-1 (1.37 kJ
g-1 for the first reaction). These values correspond respectively to 7.2 and 5 % of the total
energy required for a WWT plant serving 800,000 PE and producing 1 tonne of struvite per
day.

Moreover, the decomposition would require minutes (less than 30 minutes were

necessary to complete the degradation when heating from 25 °C at 10 °C min-1). In this study,
a prospect of the design of the technology was suggested, which involved the use of low-grade
heat to evaporate most of the water and small part of the ammonia at 75 °C. Afterwards, a
second unit would heat the compound up to 250 °C to complete the transformation to MgHPO4.
This product could potentially be reused for several times to reduce the use of MgCl2 in the
feed. Moreover, it would allow the recovery of larger amounts of NH4-N, which is usually left in
the stream due to the limiting concentration of phosphate ions.
These findings provided new insights regarding the thermal decomposition of struvite, since
understanding the kinetic mechanism and the energy required will help in the optimisation of
the design of the recovery technology. However, the economics of this process are not yet
industrially viable due to the high temperatures required and the extra equipment needed for
the decomposition technology. Furthermore, this technology has limited applicability since it
can only be employed on sites where biological nutrient removal and anaerobic digestion of
the sludge are carried out. As such, this is not a solution that could be widely applicable.
Therefore, alternative solutions are needed, and the next Section explores the potential of more
novel technologies for low NH4-N concentration streams.
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5 Adsorption technology: use of the Metal-Organic Framework
ZIF-67 to adsorb and store ammonium
Section 4 focused on the chemical precipitation technique and investigated the optimisation of
the technology by exploring the thermal decomposition of the precipitate and the recovery of
higher-quality products. After having answered the research questions concerning this
technique, this Section reports on the investigation of the adsorption technology. In particular,
to answer research question number 2 of this project, a literature review was carried out which
is briefly reported in Section 5.1. Then, Metal-Organic Frameworks were identified as a
potential alternative to conventional zeolites. This hypothesis was elaborated based on the lack
of knowledge regarding these materials for this application, but also for their excellent
porosity, demonstrated chemical and physical properties as adsorbents, and numerous
possibilities of synthesis and modifications.

5.1 Introduction
Adsorption is a technique which employs porous materials and is used in water remediation
for the removal of contaminants and other filtration processes. Porous materials are materials
characterised by low density and high surface area, and the presence of pores. Due to these
properties, they have been employed as effective adsorbents to remove gaseous contaminants
but also as catalysts, drugs delivery in the human body, or to capture pollutants from water
systems [112]. Zeolites, resins and hydrogels belong to this class of materials and have been
extensively investigated also as adsorbents and ion-exchangers for the recovery of ammonia
from wastewater [77,78,113–120]. However, after decades of research and publications these
materials have not reached industrial applicability due to the operational costs of the
technology [121]. In particular, the cost of the chemicals involved in the regeneration of these
media, in addition to the lower removal performance compared to biological treatments, has
limited wastewater treatment companies in choosing this technology for use at industrial scale.
Thus, there is the need of developing new and more effective adsorbents that can facilitate the
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scale up of this technology. An innovative adsorbent should possess high adsorption capacity
and reusability, lower use of chemicals needed for the adsorption process, sustainable
synthesis. In this regard, a new class of porous materials named Metal-Organic Frameworks
(MOFs), developed almost twenty years ago has been attracting attention due to their structure
versatility. MOFs have been reported to have large surface area and porosity which make them
suitable for adsorption, catalysis, and separation technologies [6–10]. These materials are also
more attractive from a sustainability point of view because research has shown that it is
possible to synthesise them in mild conditions, including using water as solvent, solvent-free
methods, room-temperature reactions, ball milling technique [122–126]. This can be achieved
because MOFs are constituted by a metal cluster which binds to organic linkers via
coordination bonds, as opposed to intermolecular bonds [127]. MOFs have so far been tested
mostly for gas-phase applications, including the capture of ammonia gas. In particular, they
have been recently investigated for the capture of gaseous ammonia under dry and humid
conditions, proving better adsorption capacity compared to other classical adsorbents such as
zeolites, activated charcoal, carbon nanotubes [56,62,65,128–131]. The performance of these
adsorbents for applications in the gas phase has proven to be remarkable. For example, the
MOFs M-2(INA) formed with isonicotinic acid (INA) and different metal sources (M = Co, Cu,
Ni, Cd) showed up to 6.6 mmol g-1 adsorption capacity [65]. The MOFs could release ammonia
upon heating at maximum 150 °C and be reused with no decrease in performance. Katz et al.
reported that Cu-MOF-74 in presence of 80 % humidity showed a volumetric uptake of 7.6
mmol g-1, exceeding HKUST-1, another copper-based MOF [62]. However, the loss of
crystallinity upon adsorption in presence of humidity was also reported, indicating the lack of
structure stability of this MOF in this condition. Generally, Cu-based MOFs have high affinity
towards ammonia because of the interactions between copper and nitrogen. If the metal has a
square planar Cu(II) configuration in the MOF, it will prefer hard bases such as nitrogen donors.
Still, for the same reason ammonia tends to bind to the metal cluster with the consequent
collapse of the structure [132,133]. Hereby, copper-based MOFs apart from HKUST-1 were not
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of interest in this study for their inability to be used for multiple cycles but HKUST-1 was tested
to understand the copper-ammonia behaviour in presence of liquid water. Recently, MOFs
have been receiving increasing interest also in the wastewater treatment sector due to their
versatile structure and numerous possibilities for modifications [134–137]. With regards to
water remediation, several water-stable MOFs including UiO-66, ZIF-8, MOF-74 (also called
CPO-27) have been investigated for the removal of heavy metals, such as lead, chromium,
cadmium, mercury [138–140]. In addition, UiO-66 has shown promising green synthesis
routes, as it has been successfully synthesised from common plastic waste, polyethylene
terephthalate (PET) [57]. Amongst the aforementioned MOFs, ZIF-8 belongs to the ZeoliticImidazolate Framework group, which is a class of MOFs with a zeolite-like structure. ZIF-8 is
constituted by a zinc cluster and the methylimidazolate organic ligand, and has also been tested
in water systems to adsorb arsenate in very low concentrations [60]; but also as a thin layer on
a polyvinylidene fluoride membrane to enhance ultrafiltration [141]. Zinc (Zn2+) can also be
replaced by cobalt (Co2+) to obtain ZIF-67. Despite their identical structures, the two ZIFs are
suitable for different applications, due to the different Lewis acidity and lability of the two
metals [142].
Despite research is increasingly focusing on water-stable MOFs, there is little or no research
available regarding the recovery of ammonia in the liquid phase. Thus, the aim of this work
was to explore the properties of different MOFs and to investigate whether they could be an
innovative alternative for the adsorption of ammonium nitrogen (NH4-N) in liquid systems.
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5.2 Results
5.2.1 Screening test
The results of the screening tests of the MOFs that were selected are depicted in Figure 19.

(a)

(b)

(c)

(d)

Figure 19: Residual NH4-N concentration over time using UiO-66 and derivatives (a), MIL-53(Al) (b), CPO-27(Zn and
Ni), Ni(INA)2 and HKUST-1 (c), ZIF-8 and ZIF-67 (d)

Several MOFs that are effective in the removal of gaseous ammonia, were not capable of uptake
NH4-N in this system. For example, UiO-66 and Ni(INA)2 retained their structure they did not
uptake any ammonia (Appendix A, Figure A 1). MIL-53(Al) had an unusual behaviour, causing
an apparent increase of NH4-N concentration which was attributed to an interference of the
compound with the chemicals used for the UV-vis measurement. FTIR proved that its structure
degraded after the test (Appendix A, Figure A 2). CPO-27(Ni) had a better performance
compared to CPO-27(Zn) and was tested again (Appendix A, Figure A 3). However, the overall
removal efficiency was 17 % and evaluated as unsatisfactory; in addition to this, the material
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degraded after the test (Appendix A, Figure A 4). Interestingly, ZIF-67 reached 40 % removal
efficiency. The uptake was lower compared to the conventional clinoptilolite, which achieved
48 % removal over six hours (Appendix A. Figure A 5). This data was considered remarkable
and promising, given that no other MOF had been documented as capable of functioning in a
liquid system and adsorbing ammonium. Thus, this positive result opened up to a wide range
of possibilities and questions. How did the MOF adsorb the ammonium? Was the MOF structure
preserved after the adsorption test? Can the performance be improved? Can the ammonium be
released? To assess whether ZIF-67 could be an innovative material, further tests were carried
out.
FTIR confirmed that the structure did not degrade during the test, maintaining all the peaks
(Figure 20).

Figure 20: FTIR patterns of ZIF-67 before (b.a.) and after (a.a.) adsorption

Interestingly, a new sharp peak was detected at 3630 cm-1. This peak could be attributed to the
formation of a N-H stretching band [143], confirming the chemical adsorption of ammonium
on ZIF-67. Furthermore, XRD analysis of ZIF-67 showed how the product provided by
Promethean Particles was very noisy, indicating a powdery or amorphous compound with only
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few peaks visible in the spectrum. However, the XRD performed after the test confirmed the
structural integrity of the MOF, as the peaks appeared that were aligned with the ones of ZIF67 reported in the literature (Figure 21) [144].

Figure 21: XRD pattern of ZIF-67 from Promethean Particles before and after the test, compared with the literature
[48]

5.2.2 Investigating the effect of adsorbent loading
Considering the results of the screening tests, the focus of this research was directed towards
the use of ZIF-67 as a potential innovative material to recover ammonium from wastewater.
This paragraph looks at the performance of ZIF-67 with different loadings. In these tests, the
dosage of ZIF-67 was increased, whilst the volume of solution was kept constant. The loading
is expressed in g of ZIF-67 per L of NH4-N solution, the system was kept at room temperature,
the initial pH was neutral, and the NH4-N concentration was 100 mg L-1. Interestingly, the
maximum adsorption amount at the equilibrium was obtained with a loading of 1 g L-1 with 7.5
mg g-1 (Figure 22). These values are comparable and in some cases higher than the ones of
natural zeolites [40,44,145].
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Figure 22: Adsorption amount at the equilibrium (Qe) and removal efficiency with ZIF-67 loading (g L-1) at initial
concentration of 100 mg NH4-N L-1

A drop in the adsorption capacity was noticed with an increase in the dosage of ZIF-67.
Nonetheless, the removal efficiency was enhanced but did not achieve 50 %. When the loading
was boosted from 1 to 10 g L-1 the amount of NH4-N adsorbed was reduced by almost 4 times.
The minimum value recorded was 1.2 mg of NH4-N g-1, reached at 30 g L-1. This behaviour has
been previously reported in adsorption systems elsewhere [146]. This might be because the
adsorptive capacity of adsorbent available is not fully utilised at higher adsorbent dosages in
comparison to lower adsorbent dosages. Possibly, the increase in the adsorbent loading might
cause aggregation of the adsorbent particles, as suggested in another adsorption study [147].
As such, the availability of the adsorption sites decreases. By looking at the graph, the best
condition seems to be when the loading is between 5 and 10 g L-1 where the removal efficiency
in these conditions (C0 = 100 mg L-1) is circa 20 %, before the adsorption capacity drops
considerably.
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5.2.3 Investigating the effect of initial ammonium concentration
In this test, the system was kept at initial neutral pH and room temperature, while varying the
initial NH4-N concentration from 25 to 500 mg L-1. Different ZIF-67 loadings were tested: 1, 5
and 10 g L-1. In these conditions, the increase of initial NH4-N concentration caused a drop in
the removal efficiency for both ZIF-67 loadings, as shown in Figure 23.

Figure 23: Removal efficiency (%) with different initial NH4-N concentrations C0 at different ZIF-67 loadings

This may be explained by a surface saturation effect. Following an acceleration during short
time due to a gradient of ammonium concentration between the solution and the adsorbent
pores, mass transfer may be then reduced due to a saturation of the surface adsorption sites.
The saturation of the sites can be also attributed to the water entering the pores. The maximum
removal efficiency was 56 % and it was achieved when the NH4-N concentration was 25 mg L1

and the loading was 10 g of ZIF-67 L-1. From an industrial point of view, in these conditions

the material could reduce the NH4-N to 11 mg L-1. This value could be close to the threshold if
the discharge limit was 10 mg L-1. However, depending on the dilution factor the allowed
maximum concentration in the effluent could vary and be in the range of 1-10 mg L-1.
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Interestingly, the graph below highlights how the adsorption capacity increases with an
increase of the NH4-N concentration (Figure 24).

Figure 24: Amount of NH4-N adsorbed at equilibrium Qe in respect to equilibrium NH4-N concentrations Ce with
different ZIF-67 loadings

The uptake of NH4-N rose steadily with different initial NH4-N concentrations at different
adsorbent loadings. In particular, at 10 g of ZIF-67 L-1 the maximum uptake was 5.1 mg g-1 when
the initial concentration was 500 mg NH4-N L-1. Therefore, even though the removal efficiency
was lower in this condition (12 %), more ammonium is removed compared to lower
concentrations. Moreover, higher adsorption capacities were always achieved with a loading
of 5 g L-1, and the maximum equilibrium uptake was of 10.8 mg g-1. Interestingly, with a loading
of 1 g L-1 the equilibrium uptake was much higher at every point of the curve compared to
higher loadings (up to 10 times greater when C0 was 500 mg NH4-N L-1). Moreover, it did not
reach a plateau that would have indicated the saturation of the adsorption sites. This data was
accompanied with a change of colour in the solid residue of ZIF-67 from purple to blue possibly
indicating degradation to cobalt hydroxide (Figure 25).
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Figure 25: Image of flasks containing NH4-N solution and ZIF-67 at the end of the adsorption test with adsorbent
loadings of 10, 5 and 1 g L-1

In the case of ZIF-67 loading of 1 g L-1 a pink coloration in the liquid phase suggested a possible
degradation of ZIF-67 to cobalt chloride, soluble in water. This aspect will be investigated
further in Section 6.2.3.

5.2.4 Investigating the effect of initial pH
ZIF-67 demonstrated a good stability with respect to different initial pH conditions between 4
and 7. The adsorption amount was highest with an initial pH of 6 (Figure 26). A decrease of 30
% in the adsorption capacity was noted when initial pH was 2.

Figure 26: Adsorption capacity (mg NH4-N g-1) with different initial pH
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Nonetheless, two points of the graph resulted to have large error bars. A standard deviation of
81.3 % was obtained with an initial pH of 3 and a standard deviation of over 110 % with an
initial pH of 7. This may be explained by the temperature setting of the test. The experiments
were indeed carried out at room temperature which varied between 18-20 °C in winter and
28-33 °C in summer (for pH equal to 3 and 7 two tests were carried out in February and one in
July). The temperature difference may have affected the adsorption reaction process, as it is
reasonable to think that it may favour the kinetics in a chemical process. Interestingly, a change
in colour was observed during these tests, both in the solid samples and in the liquid solution.
In some cases, after filtering the solid from the NH4-N solution, the liquid sample would turn to
different shades of pink, as it can be seen in Figure 27.

Figure 27: Liquid samples filtered at the end of the test of NH4-N solution at different initial pHs

This could be due to a degradation of ZIF-67 with consequent leaching of cobalt, due to the
formation of the soluble compound cobalt chloride, CoCl2. Indeed, analysis of the water
samples by ICP highlighted a release of cobalt in the solution with the highest concentrations
of 8.2 mg L-1 and 4.4 mg L-1 of cobalt in solution obtained respectively at initial pHs of 2 and 8
(Figure 28). The lowest cobalt concentration was detected with initial neutral pH, as it also
appears from the transparent colour of the centrifuge tube (Figure 27). This indicates that ZIF67 is highly stable in this condition and can be used without degrading.
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Figure 28: Cobalt release in solution (mg L-1) versus initial pH

To further prove this, CHN analysis that was conducted on the solid samples shows how there
is also a decrease in the amount of carbon and nitrogen present in the solid samples (Table 10).
Table 10: CHN analysis of ZIF-67 before adsorption (b.a.) and after adsorption (a.a.) with different initial pH

Sample

Initial pH Nitrogentotal (%) Carbontotal (%) Hydrogentotal (%)

ZIF-67 b.a.

N.A.

24.73

42.62

4.74

ZIF-67 a.a.

2

13.64

25.02

3.62

ZIF-67 a.a.

3

17.03

30.61

3.93

ZIF-67 a.a.

7

22.17

38.75

4.43

ZIF-67 a.a.

8

16.99

30.65

3.95

This decrease corresponds to the degradation of the organic ligand 2-methylimidazole, whose
molecule contains both nitrogen and carbon. In this regard, the worst condition is to have an
initial pH of 2, where the carbon content is reduced from 42.62 % in the sample before
adsorption (ZIF-67 b.a.) to 25.02 % and the nitrogen from 24.73 % to 13.64 %. No significant
change in the structure was detected from FTIR (Appendix A, Figure A 6). Thus, it is reasonable
to conclude that ZIF-67 is more stable in neutral and basic conditions than in acidic conditions,
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as reported also in other studies [148]. However, it also seems that a fraction of the organic
linkers dissociates from the metal centre and dissolves in the solution. This can be confirmed
by the measurement of the pH at the end of each test, which was always above 9. This test
further proved the overall structural integrity of ZIF-67 in pH range that resembles realistic
conditions in wastewater. However, for industrial applicability further analysis is needed to
understand whether the cobalt leakage can be harmful for the environment.

5.2.5 Adsorption kinetics
Table 11 highlights the kinetic parameters that were calculated through the experimental data
for the pseudo-first order and pseudo-second order kinetic models.
Table 11: Kinetic parameters of Pseudo-First Order and Pseudo-Second Order calculated at 50 mg L-1; adsorbent
loading of 10 g L-1 and initial neutral pH

50 mg NH4-N L-1
Model/ Parameters

Qe, exp [mg g-1]

k1 [min-1]

Qe, cal [mg g-1]

R2

Pseudo-First Order

1.671

0.0108

1.340

0.933

Model/Parameters

Qe, exp [mg g-1]

Qe, cal [mg g-1]

R2

Pseudo-Second Order

1.671

1.563

0.994

[g

k2
min-1]

mg-1

0.0528

From the data, the pseudo-second order model seems to better fit the experimental data, with
a coefficient of determination of 99.4 % and a calculated adsorption capacity of 1.563 mg g-1.
This suggests that chemical adsorption is the mechanism regulating the uptake of NH4-N with
ZIF-67. The fitting curves are shown in Figure 29 and clearly demonstrate the similarity
between the experimental Qe and the calculated points for the pseudo-second order.
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Figure 29: Pseudo-first order and pseudo-second-order kinetic model fitting for ZIF-67 with C0 of 50 mg NH4-N L-1

The chemisorption mechanism involves an exchange of electrons between the guest species
and the adsorbent [82]. Moreover, it also means that the process is influenced by the number
of active sites [82]. The pseudo-second order has been found as the best fit for adsorption
kinetic model also for zeolites [40].

5.3 Summary
This work explored the potential of several water-stable MOFs in liquid systems, in the
research of innovative materials that could be used for the adsorption of ammonium from
wastewater. The characteristics of an innovative adsorbent would include high adsorption
capacity, reusability, low use of chemicals needed for the process, sustainable synthesis. The
aim of this study was to understand the capacity of MOFs to uptake ammonium and provide a
proof of concept that these materials could represent an alternative option to conventional
zeolites. After a materials selection carried out based on the aforementioned criteria for this
application (water stability, ammonia affinity, reusability, green synthesis) the following MOFs
were selected: UiO-66 and derivatives, ZIF-8 and ZIF-67, CPO-27, MIL-53, Ni(INA)2, and
HKUST-1. The MOFs were tested in a batch system with ammonia solution (ammonium
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chloride). In this work, a screening test was carried out in fixed conditions of temperature,
initial pH (neutral), adsorbent loading of 10 g L-1, and initial NH4-N concentration (100 mg L-1).
From this test, it emerged that several water-stable MOFs which had been reported to adsorb
gaseous ammonia also in humid conditions, did not work in this context. For example, the UiO66 MOFs and Ni(INA)2 retained their structure but did not adsorb any NH4-N. ZIF-8(Zn) and
ZIF-67(Co) gave different outcomes during the screening test. ZIF-8 did not uptake any NH4-N,
whilst ZIF-67 was the best amongst all the MOFs tested with 40 % removal efficiency. The
uptake was lower when compared to the conventional clinoptilolite, which achieved 48 %
removal over six hours.
This screening test provided important preliminary considerations that could be taken into
account in the design of a MOF for the capture of NH4-N from a liquid system. Amongst all, the
role of the metal cluster seems to be key in facilitating the capture of the contaminant. ZIF-8
and CPO-27(Zn) had an unstable behaviour, indicating that zinc might be inert and incapable
of retaining ammonium in the structure.
Following the screening test, ZIF-67 was chosen for more detailed analyses. The main objective
was to understand the capacity of the MOF in variable conditions of pH, adsorbent loading,
NH4-N concentration, and to identify the kinetic model that regulated the adsorption process.
From these experiments it emerged how the adsorbent loading influences ZIF-67 adsorption
capacity and removal efficiency. The optimal value was found to be at 5 g of ZIF-67 L-1, before
the adsorption capacity drops considerably at higher loadings. When studying the effect of the
initial NH4-N concentration, it emerged that 56 % removal efficiency could be achieved when
the NH4-N was 25 mg L-1, average value found in wastewater mainstreams. This means that in
these conditions the material could reduce the NH4-N to 11 mg L-1, unfortunately still above the
wastewater effluent discharge standard. Moreover, the adsorption capacity had an increase
towards high NH4-N concentrations, reaching 6.4 mg g-1 with a loading of 5 g ZIF-67 L-1. These
values were found to be comparable and, in some cases, higher than the ones of natural zeolites.
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As far as the initial pH condition is concerned, the MOF appeared stable within a range 4-6. The
adsorption capacity decreased of 30 % when initial pH was 2.
Acidic pHs of 3 and 2, and basic pH of 8 provoked a leakage of cobalt in the solution, which was
confirmed both visually (the solution at the end of the test turned to different shades of pink)
and with the ICP technique. CHN analysis on the residual solid samples confirmed a decrease
also in the carbon and nitrogen. However, FTIR showed that the chemical bonds were
maintained. This confirmed the structural integrity of the material, suggesting a dissociation of
some of the organic molecules from the metal cluster.
Lastly, the kinetics of the adsorption process with ZIF-67 were investigated, by using the
pseudo-first order and pseudo-second order kinetic models. The experimental data fitted well
the pseudo-second order model, as reported for zeolites. This indicates, as hypothesised during
the screening test, that chemisorption is the mechanism governing the process. This means
that the uptake of NH4-N depends on the number of active sites, and on the exchange of
electrons between ZIF-67 and the guest specie. This suggests that by modifying the structure
and increasing the number of sites available, the adsorption capacity could be enhanced. Thus,
the next Section will thoroughly investigate this material and the opportunities for
improvement, to assess its suitability for industrial application.
To the authors’ knowledge, this is the first study regarding the use of ZIF-67 for the capture of
ammonium in the liquid phase. As the first study of MOF for ammonia removal from water, this
not only provides a proof of concept for the process but has also developed some
understanding of the mechanisms involved.
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6 ZIF-67 as ammonium adsorbent: structure modifications,
isothermal tests and ammonia release
In Section 5 the performance of several MOFs for NH4-N removal from water was assessed and
the capacity of ZIF-67 of capturing NH4-N was validated for the first time (research objectives B.1
and B.2). Thus, further study was required to thoroughly understand the industrial potential of
this material. For example, considering that the maximum removal efficiency was found to be 56
%, one research question was: can the MOF performance be improved to make the material more
industrially attractive?
Thus, the work reported in this Section was carried out specifically on ZIF-67 and had the
objectives of:
Ø Increasing the adsorption capacity of ZIF-67;
Ø Identifying the adsorption behaviour by investigating adsorption isotherms using
Freundlich and Langmuir models; and
Ø Establishing the adsorption/desorption mechanism of ZIF-67 towards ammonium ions.

6.1 Introduction
ZIF-67 appears as a dark purple powder and is composed by a cobalt cluster and
methylimidazolate groups as ligands. The precursors, cobalt nitrate and 2-methylimidazole, react
in solution forming strong coordination bonds that generate a rhombic dodecahedron structure
(Figure 30). Generally, ZIF-67 has a particle size that ranges from 100 nm to 1 µm, with pore
volume of 0.70 cm3 g-1 [149,150].

Figure 30: Image of ZIF-67 (left), and its structure and precursors (right)
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The nanoscale of the material can be a potential challenge in the WWT industry, especially with
regard to filtration. Filters that can retain such small particles are very expensive and could
substantially increase the cost of the technology. However, research has shown that MOFs can be
synthesised also in tablet form, thin film or composite configuration [125,151–153].
ZIF-67 belongs to the class of Zeolitic Imidazolate Frameworks, it has a zeolite-like structure, high
water stability (i.e. structural integrity) at different temperatures and pH, thermal stability and
reusability [150,154–157]. These properties have been reported previously for various
applications [61,149,150,158–160] . ZIF-67 has been synthesised effectively on a kilogram scale
at room temperature and with a solvent-free method by Pan et al. [161]. This is important because
it shows high potential for future sustainable synthesis, compared to solvothermal treatments.
Currently, it is industrially produced in the UK via solvothermal methods by several companies,
including Promethean Particles Ltd., a company specialised in nanomaterials production and
technology.
ZIF-67 has been considered in water applications to: i) recover benzotriazole [162], ii) as catalyst
for degradation of rhodamine B [144,149], iii) in composite configuration to remove cationic and
anionic dyes [158]. Its great capacity for reusability has been demonstrated by Zhang et al. in the
removal of boron from water (i.e. 5 cycles) [163]. All the aforementioned research studies
attributed the adsorption mechanism to electrostatic interaction and the weaker π-π interaction.
These forces could potentially attract also ammonium (NH4+) and ammonia (NH3).
In the literature, researchers have already investigated several techniques to modify ZIF-67 with
the objective of improving its properties towards certain applications. This Section reviews the
state of the art regarding modifications of this MOF with the aim of identifying the most suitable
and economically feasible ones for the adsorption of ammonium and ammonia in the liquid phase.
Generally, the modifications that can change the structure of a MOF can be classified as:
•

Functionalisation or substitution of the organic ligand,

•

Metal ions substitution,

•

Composite with appropriate materials.
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The modification of the organic linker of the MOF can result in higher reactivity towards the target
specie, larger pore dimension, or increased stability [59,164–166]. Regarding the modification of
the ligand, a possible strategy that may improve the performance of ZIF-67 could involve the
addition of Brønsted acid groups such as carboxylic groups -COOH or sulfonate groups -SO3H
which could increase the chemical interaction towards ammonium ions [167,168]. However,
some of these modifications were carried out on UiO-66 (Section 5.2.1) and were not effective.
Considering that their applicability on industrial scale is very limited, they will not be considered
in this work.
As far as the substitution of the metal is concerned, attention should be focused towards those
metals that have high affinity towards nitrogen, and that can have unsaturated sites in the
structure, which can be used to bind ammonia. In this regard, copper-based MOFs such as HKUST1 and MOF-74 have been reported to be amongst the best MOFs with IRMOF-3 to attract ammonia
[169]. HKUST-1 binds NH3 to the open copper sites through chemisorption forming a diamine
complex [133]. However, as mentioned in Section 5.1, Cu-based MOFs instability upon adsorption
has been highlighted by several researchers, who reported that as a consequence of the new bonds
and preference towards ammonia, the structure of the MOF was irreversibly affected after the
adsorption [62,170]. A solution to this issue might be to modify ZIF-67 by doping copper in the
structure only in low amount to exchange some cobalt ions with copper ions. This could
potentially help to maintain the integrity of the structure after adsorption. This procedure has
been carried out on ZIF-8 at room temperature in methanol solution by Schejn et al. [73].
Amongst the metals that have affinity with ammonia there is also silver, because it forms diamine
complex with ammonia [Ag(NH3)2]+. Thus, it could be embedded in the structure to increase the
interactions of the material towards nitrogen [171,172].
Lastly, the adsorption capacity could be improved if ZIF-67 was in a composite configuration. A
composite is a material made of two or more components that possess different properties. The
combination of the two materials results in a material which has different properties compared
to the individual ones. In this regard, Petit et al. reported improved ammonia adsorption capacity
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with a composite of HKUST-1 and graphene oxide (GO) compared to the singular components
[133]. They explained that this positive effect could be due to the increased porosity but also that
the layers of graphene increase dispersive forces which help to retain the ammonia. It has been
reported in the literature that composites of MOFs and carbon materials increase properties
[173,174]. Therefore, a cheap and feasible solution compared to graphene oxide could be to
synthesise a composite with recycled carbon fibres, a by-product of the automotive industry
[175].

6.2 Results
6.2.1 Screening test
The outcome of the screening test on the modified structures of ZIF-67 is depicted in Figure 31
and is compared to the uptake of ZIF-67 PP (ZIF-67 purchased from Promethean Particles)
previously tested.

Figure 31: Adsorption amount at the equilibrium (Qe) of different ZIF-67 derivatives in the following conditions: C0= 100
mg NH4-N L-1, pHin =7, loading 10 g ZIF-67 L-1

The first observation is that ZIF-67 PP outperformed all the samples synthesised in the lab, with
an average adsorption capacity of 2.5 mg g-1 at an initial NH4-N concentration of 100 mg L-1. The
uptake of ZIF-67 lab, which was expected to have a similar capacity to ZIF-67 PP, was almost one
fifth of the corresponding industrially produced material. This discrepancy led to further
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investigation on the morphology and of the structure of the two compounds. As can be seen in
Figure 32 (left), the samples spectra almost completely overlap, showing the same peaks in the
fingerprint region (1500 – 500 cm-1) which correspond to the C-N and C-H bonds of the organic
ligand, 2-methylimidazole [176].

Figure 32: FTIR (left) of ZIF-67 PP and ZIF-67 lab; XRD (right) of the two materials compared with the literature

Only one extra peak that was observed at 1100.5 cm-1 and it was attributed to organic C-C bond.
The mineral phase of the samples is shown in the XRD spectra (Figure 32, right) and compared
with the literature [144]. In this case, only few peaks were visible for ZIF-67 PP, indicating an
amorphous structure; as opposed to ZIF-67 lab which resulted to have a crystalline structure. This
was further confirmed by TEM analyses, which are illustrated in Figure 33.

Figure 33: TEM images of ZIF-67 PP (left) and ZIF-67 lab (right), taken at 500 nm magnification
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The images highlight the significant difference in the morphology of the two materials. If on one
hand ZIF-67 PP (left) seems to be formed by much smaller crystals and agglomerates of particles
of undefined forms and shape, on the other hand ZIF-67 lab (right) shows crystals of various size
up to 250 nm with rhombic dodecahedron shape, as reported in the literature [142]. Overall, this
difference is likely to be due to the conditions in which the reaction takes place, where a fast
reaction in a continuous reactor might not allow the opportunity for full crystal growth.
Considering that this was the only significant dissimilarity detected in this work, it was
hypothesised that the amorphous structure and finer grain size facilitated the adsorption of NH4N, resulting in a higher uptake. This has been previously highlighted in the literature for other
nanomaterials [177–179].
Regarding the performance of the ZIF-67 samples that were chemically modified (Figure 31),
some considerations can be made by comparing them with ZIF-67 lab. In fact, if on one hand the
copper-doping modification did not improve the capacity, on the other hand the silver enhanced
significantly the NH4-N uptake, which was almost tripled. The characterisation tests of ZIF67[Co,Cu] are shown is Appendix B (Figure B 1 and B 2). Unfortunately, there is not an error bar
for this test due to the low availability of Ag NPs in Australia and their limited concentration (0.02
mg/mL) which only allowed one successful synthesis (Appendix B, Figure B 3 and B 4).
Interestingly, an improvement was noticed also regarding the composite configuration of ZIF-67
and oxidised recycled carbon fibres, which more than doubled the uptake capacity. This may be
due to the increased polarisation of the material due to the carboxylic groups on the surface of the
fibres. In the literature, the positive effect of oxidised graphite and ZIF-67 composite has been
reported recently for the application of water remediation from cationic and anionic dyes [158].
This is important data from an industrial perspective, considering that a composite configuration
would facilitate ZIF-67 scalability. In fact, practically MOFs could not be applied in powder form
due to the nanometre scale of the particles, which would involve high costs for filtering them at
the end of the treatment. As can be seen in the SEM image below (Figure 34), the particles adhered
onto the fibres forming compact purple layers of fibres of minimum 200 µm length.
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Figure 34: SEM of rCF (left) and rCF/ZIF-67 (right)

Moreover, the realisation of the composite was very simple, performed by just adding the fibres
to the cobalt salt precursor. Despite the fibres have to be oxidised first with sulphuric and nitric
acid solutions, the cost of this material is very low (circa £ 11 kg-1), as it is a by-product of the
automotive industry [175].

6.2.2 Influence of temperature
Further tests were carried out on ZIF-67 PP to deepen the knowledge regarding the adsorption
mechanism of this MOF and answer research question B.4.
Isothermal tests were conducted at 35 °C (308 K) and are reported in Figure 35. The results are
compared to the ones gathered from tests at room temperature, already reported in Section 5.2.3.
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Figure 35: Removal efficiency of ZIF-67 PP at 298 and 308 K with respect to initial NH4-N concentration C0

Overall, the temperature increase proved to have a positive effect on the adsorption performance
of ZIF-67. The removal efficiency of ZIF-67 was enhanced at 35 °C throughout the tests at different
initial solution concentrations, from 25 mg NH4-N L-1 to 500 mg NH4-N L-1. Moreover, the NH4-N
uptake reached an average 85 % at C0 of 25 mg L-1, proving the capacity of ZIF-67 to perform in
standard wastewater NH4-N concentrations and reduce the output value to below a conservative
discharge limit of 5 mg L-1 (in one test the final concentration of the solution was 2.5 mg L-1). From
an industrial point of view, this would mean that the water needs to be heated to 35 °C to achieve
this effective result. Considering that the average water temperature of WWT works in the UK is
typically between 10 and 12 °C [180], it may seem that this temperature would imply high energy
requirements. However, this temperature is reached at some stages of WWT plants (e.g. in the
liquors after the anaerobic digestion treatment); or it could be provided if low-grade heat is
available on site.
The samples were characterised after this test, with particular attention to the ones which
achieved removal efficiency above 80 %. FTIR confirmed that the structure of ZIF-67 was
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maintained during the test (Figure 36). This result further highlights the structural integrity of the
MOF in different conditions.

Figure 36: FTIR of ZIF-67 PP before (b.a.) and after (a.a.) adsorption at 35 °C with C0 of 25 mg NH4-N L-1 (left). The
spectrum is zoomed in the region 1750-400 cm-1 (right)

Figure 36 (right) is zoomed in the fingerprint region to highlight that all the peaks corresponding
to the organic ligand were preserved, as well as the Co-N bond, confirming the integrity of the
structure. An extra peak was detected at 3630 cm-1 in the sample tested after the test (Figure 36,
left). This peak could represent the formation of a N-H bond [143], as it was noted in Section 5.2.1.
However, this peak may also correspond to an O-H bond, indicating the formation of cobalt
hydroxide, Co(OH)2. The graph reported in Figure 37 compares the XRD patterns of ZIF-67 PP
before and after the test with the spectrum of ZIF-67 found in the literature and the peaks of cobalt
hydroxide.
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Figure 37: XRD patterns of ZIF-67 PP before (b.a.) and after adsorption (a.a.) at T = 308 K and C0 = 25 mg NH4-N L-1

Two new peaks could be detected for ZIF-67 PP a.a. at higher angles (2θ = 33° and 38°). This may
indicate that the phase of the sample is not pure and that there is indeed the formation of another
structure, which could be Co(OH)2. Therefore, the MOF partially decomposes when tested at 35
°C. This poses a problem of durability and structural integrity of the MOF in these conditions.
Moreover, the partial decomposition of ZIF-67 to CO(OH)2 creates another challenge. In fact,
CO(OH)2 is insoluble, and it would end up in the receiving water stream contaminating the
environment unless a filtration stage was added before discharge.

6.2.3 Optimisation of adsorption conditions for ZIF-67 structural stability
This paragraph reports the results of elemental analysis on ZIF-67 to identify the optimal
conditions in which ZIF-67 could be used without degrading the structure. Section 5.2.4
highlighted that with initial pH of 2 and 8 cobalt was leaked in the solution, possibly due to the
formation of the soluble cobalt chloride, CoCl2. From an environmental point of view, the presence
of cobalt in water in significant concentrations could be harmful to the environment. At present,
there is not a specific regulation concerning cobalt levels in wastewater. In the case of a water
stream containing high concentrations of cobalt it must be ensured that the level is below the
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Environmental Quality Standard (EQS) for cobalt in natural waters, according to the Environment
Agency [181]. For cobalt, the annual average EQS is 3 µg L-1, whilst the maximum allowable
concentration EQS is 100 µg L-1 for both freshwater and saltwater. However, this is applicable
because currently there are no processes that are responsible for leaching cobalt during
treatment. If this were to happen and a water company were to declare the presence of this metal
in water effluent due to a treatment, certainly new regulation would be imposed. Nevertheless,
the current regulation was used to understand the impact of this treatment and the consequences
of the presence of cobalt in the effluent. The results of the ICP tests are shown in Figure 38 and
report the cobalt release in solution and the cobalt release as a mass percentage of the total cobalt
in the system for C0 values of 25 mg L-1 (left) and 100 mg L-1 (right).

Figure 38: Cobalt release in the solution (mg L-1) with respect to different ZIF-67 loadings and initial concentrations C0
of 25 mg L-1 (left) and 100 mg L-1 (right). In red, cobalt release expressed as a mass percentage of the total cobalt in the
system.

From these graphs it emerges that both the adsorbent loading and the NH4-N concentration affect
the release of cobalt in the solution, and therefore the stability of the MOF. At C0 of 25 mg NH4-N
L-1 adsorbent loading of 5 and 7.5 g L-1 result in a release of cobalt in the solution lower than 2 mg
L-1, which correspond to less than 0.2 % of the cobalt present in sample. Interestingly, when C0
was 100 mg NH4-N L-1 the ZIF-67 loadings that resulted in the lowest release of cobalt in solution
were 2.5 and 10 g L-1. These results apply to the range that was possible to test in this research.
However, further tests at ZIF-67 loading of less than 2.5 g L-1 and more than 10 g L-1 could provide
more information regarding the optimal adsorbent loading. Overall, all the tests positively
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resulted in a release of cobalt below 0.8 % wt/wt of the cobalt present in ZIF-67. These results
find confirmation in the Pourbaix diagram of the cobalt-water system, which shows the
equilibrium phases of cobalt in water depending on the pH and electrochemical potential
[182,183]. The electrochemical potential depends on the ions (cations and anions) present in the
solution and can be calculated following the Nernst equation, therefore NH4+, OH-, H+ all have an
influence on the stability of the structure.
To assess whether the cobalt release in the solution could effectively represent a problem in an
industrial system, the worst value detected from the elemental analysis was used (14 mg L-1) and
integrated in the following equation [181]:
𝑃𝐶 [𝜇𝑔 𝐿$/ ] =

𝑅𝐶 [𝜇𝑔 𝐿$/ ]
𝐼𝐷

(Eq. 28)

Where RC is the release concentration of the pollutant in the effluent, ID is the initial dilution
factor and PC is the process contribution. Considering that the maximum allowable concentration
EQS is 100 µg L-1, if RC was 14,000 µg L-1 the minimum dilution factor could be 140, meaning that
the effluent could only be discharge in large water systems. If we consider the minimum value
detected (corresponding to 1,500 µg L-1), then the minimum dilution factor could be 15. It is
important to note that if the annual average concentration EQS (3 µg L-1) was applied in the
calculation, the dilution factor would have to be of over 1000. This represents a great challenge
because even though the average ID in the UK is 40 [184], in England and especially in the
Midlands most treatment plants have much smaller ID (many in the order of 1). Thus, further
research should focus on identifying solutions to prevent ZIF-67 from degrading and leaching
cobalt in the stream.

6.2.4 Adsorption mechanism
The adsorption mechanism for ZIF-67 was determined by using the data gathered in Section 5 and
6.2.2. Freundlich and Langmuir models were applied that are widely used to identify the chemical
and physical nature of adsorption processes.
The parameters derived with the simulations of the Langmuir and Freundlich models that were
determined at 20 and 35 °C with an adsorbent loading of 10 g L-1 are reported in Table 12.
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Table 12: Langmuir and Freundlich parameters for the adsorption of NH4-N over ZIF-67

Langmuir parameters

Freundlich parameters

T [°C]

𝑄- 7,8
[mg g-1]

KL

R2

RL

KF

n

R2

20

8.051

0.009

0.939

0.175-0.810

0.417

0.448

0.989

35

11.161

0.010

0.857

0.161-0.793

1.125

0.313

0.863

Both models revealed that the sorption mechanism is favourable, with the Freundlich parameter
n below 1 and the separation factor RL always below 1 for all initial concentrations. Langmuir
model indicated a maximum concentration of 8.051 mg g-1, which increased to 11.161 mg g-1 at 35
°C. For both isothermal conditions, Freundlich model better fitted the experimental data with the
highest R2 (98.9 %). This classifies the mechanism of adsorption as a heterogeneous multilayer
adsorption mechanism. As it can be observed in Figure 39, the experimental data adequately fitted
the Freundlich curve at 20 °C, whereas more uncertainty on the data points was detected at 35 °C.
This could be due to the degradation of the sample at high NH4-N concentration and higher
temperature.

Figure 39: Adsorption amount at the equilibrium Qe against the equilibrium concentration Ce at 20 °C (left) and 35 °C
(right). Conditions: contact time 6 hours, neutral pH, adsorbent loading 10 g L-1

6.2.5 Adsorption with continuous flow
The adsorption of NH4-N over ZIF-67 was also tested and validated in a continuous system with
ammonia solution. In this work, the MOF was used in powder form and 2 g of media were added
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to a reactor, which had a 1 µm glass microfibre filter to retain ZIF-67 in the column, inlet and outlet
valves and a peristaltic pump to ensure a volumetric flow for the duration of the test (Figure 40)
[185].

Figure 40: Experimental setup for a continuous-flow adsorption test. Permission granted from the author.

In total 1 L of solution was tested over 3 hours. The initial NH4-N concentration of the inlet solution
was 26.2 mg L-1, the water was pumped through the reactor at a flow rate of 5.56 mL min-1, with
an average retention time of 36 minutes. The outlet concentration of the solution was measured
every 15 minutes. ZIF-67 successfully proved the ability to consistently remove NH4-N throughout
the test, with a peak of 70 % removal efficiency (Figure 41).
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Figure 41: Removal efficiency [%] of ZIF-67 in a continuous system and residual % of NH4-N in the effluent, adapted from
[185]

The limitation of this test was due to technical configuration of the system. The NH4-N
concentration was measured whilst fresh inlet flow was pumped in the reactor, mixing it with the
solution which had reacted with ZIF-67. The reactor did not have an agitation system; therefore,
the particles might have settled at the bottom of the chamber forming a bed. Nevertheless, the
MOF positively performed for the total duration of the test, and the 1 µm glass microfibre filter
adequately retained the powder, since the water that was filtered through was transparent and
did not contain any particles. Overall, ZIF-67 performed quite well in these conditions, and this
further proves the media as very promising for adaptation to continuous flow treatment.

6.2.6 ZIF-67 regeneration and release of ammonia
ZIF-67 was regenerated in a vacuum oven and kept at 150 °C for 2 hours. The results of the FTIR
test before and after regeneration is shown in Figure 42.

79

Figure 42: ATR-FTIR spectra of ZIF-67 before and after regeneration in a vacuum oven at 150 °C for 3 hours

The blue pattern is the spectrum of ZIF-67 after adsorption with initial neutral pH, ZIF-67 loading
of 10 g L-1 of NH4-N solution, and C0 of 25 mg L-1 performed at room temperature. The peak that
appeared after the adsorption test at 3630 cm-1 had been identified in Section 5.2.1 with the
formation of a N-H bond. After regeneration, it seemed that the peak almost disappeared.
However, FTIR is not a quantitative analysis, so it is difficult to establish whether the ammonia
was completely released. A mass balance calculation determined that the sample lost on average
7.9 % upon heating. This percentage will reasonably also include water molecules that entered
the pores. Interestingly, the mass loss during regeneration increased with the initial NH4-N
concentration of the solution, when all the other conditions were kept constant (Figure 43). This
possibly indicates that it is the nitrogen that is released together with the water.
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Figure 43: Mass loss (%) upon regeneration of ZIF-67 in a vacuum oven at 150 °C for 3 h

Lastly, it is important to note how the structure of ZIF-67 is positively maintained after
regeneration, allowing the material to be reused multiple times (Figure 42). Thermal regeneration
could offer the opportunity to reduce the use of chemicals required for the ion-exchange
technology, where the cost of sodium chloride needed for the regeneration of zeolites and can
result in 80 % of the total operating cost [186].

6.3 Summary
In this Section, ZIF-67 was thoroughly investigated to improve its capacity to adsorb ammonium
and deepen the knowledge of the adsorption and desorption mechanism. The structure of ZIF-67
was chemically modified with at room temperature to enhance the performance of the MOF.
Interestingly, these modifications revealed a discrepancy between the lab-synthesised ZIF-67 and
ZIF-67 PP, available commercially, since ZIF-67 lab showed much lower NH4-N removal. After
analysing the structures of the two materials it was understood that their only dissimilarity
regarded the amorphous state of the commercial sample, as opposed to the crystalline ordered
structure of ZIF-67 lab. Thus, it was hypothesised that the amorphous phase of the material could
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positively affect the adsorption of ammonium, as previously reported in the literature for other
nanomaterials.
In this work, a composite of oxidised recycled carbon fibres and ZIF-67 was successfully
synthesised. The composite improved the uptake capacity of ZIF-67 lab and proved the possibility
of scale up and application of this materials, since this configuration would avoid the use of costly
filtration systems that would be necessary to retain the nanomaterial.
In this research, the positive effect of temperature was also revealed. Indeed at 35 °C with an initial
NH4-N concentration of 25 mg L-1, ZIF-67 was able to capture on average 85 % of the total NH4-N,
thus reducing the concentration of the solution to below 5 mg L-1, which is lower than the current
discharge limits. Characterisation analysis showed that the structure of ZIF-67 seemed to be
maintained, although two extra peaks were visible in the XRD pattern, possibly indicating the
formation of a by-product. (e.g. cobalt hydroxide). From these results, further experiments,
including elemental analysis were carried out to identify the optimal conditions and quantify the
cobalt leakage (already detected in Section 5.2.4) to understand whether it could represent an
environmental threat. This study determined the cobalt release at different ZIF-67 loadings and
with initial NH4-N concentrations C0 of 25 and 100 mg L-1. Interestingly, for every condition the
release of cobalt was found to be below 0.8 % wt/wt of the cobalt present in ZIF-67. The maximum
cobalt concentration in the solution was 14 mg L-1, detected when ZIF-67 loading was 10 g L-1 and
C0 was 25 mg L-1; whilst the minimum was 1.5 mg L-1 at 5 g ZIF-67 L-1 and C0 of 25 mg L-1. Since
there is not a specific regulation concerning the effluent limits for cobalt, the limits are set
depending on the dilution of the effluent into the receiving body. Considering that according to
the Environment Agency the maximum allowable concentration is 100 µg L-1 for both freshwater
and saltwater, the minimum dilution factor was determined for the worst- and best-case scenarios
(14 and 1.5 mg L-1). The minimum dilution factors were calculated to be respectively 140 and 15.
This implicate that in case of relevant cobalt concentration the effluent could only be discharge in
large water systems. It is important to note that if the average allowable concentration were
considered, the minimum dilution factors would be much higher. In addition to this, if there was
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a process that leaked cobalt and the presence of this metal in water effluent was declare because
of it, certainly new regulation would be imposed. Thus, further research should thoroughly
investigate how cobalt can be retained in the structure of ZIF-67.
Lastly, ZIF-67 was used in a system with continuous flow and ammonia solution for 3 hours.
Importantly, the media consistently captured the ammonium present in the solution throughout
the test, with a peak of 70 % removal efficiency. The material was effectively retained in the
reactor by a 1 µm glass microfibre filter. This result proves the effectiveness of ZIF-67 also in a
more realistic design configuration and makes this media very promising for adaptation to
continuous flow treatment.
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7 Cost-benefit analysis of the ZIF-67 adsorption technology
In order to validate the cost effectiveness of ZIF-67 on an industrial scale, a preliminary analysis
of costs that would be involved in its application was carried out. Considering that the adsorbent
is at an early stage of research and that its capacity was tested only on a laboratory scale, several
assumptions had to be made to compare the costs with the conventional use of zeolites.
Firstly, it was assumed that ZIF-67 would work in a continuous system in a fixed-bed reactor, since
it is the most common configuration for adsorption and ion-exchange systems [187]. The system
used as benchmark was the synthetic zeolite MesoLite, which has been widely investigated for
NH4-N recovery also at pilot scale [188–190]. MesoLite acts as cation-exchanger by replacing the
sodium ions Na+ in its structure with NH4+. The cost of this technology is limited by the use of
chemicals to regenerate the spent zeolite. A solution of brine, NaCl, is needed to wash out the NH4+
to reuse the media [191]. However, it can happen that some NH4+ remains trapped in the zeolite
depending on the time of regeneration, the pH and the chemical used [186]. Furthermore, it has
been reported that the use of chemicals can result in up to 80 % of the operating cost of this
process [186]. In the case of ZIF-67, desorption and regeneration of the MOF would be achieved
thermally, as shown in Section 6.2.6. A summary of the key analogies and differences of the two
systems is reported in Table 13.
Table 13: Comparison of the key aspects of the adsorption system using ZIF-67 and the ion-exchange process with
MesoLite

Technology

Adsorption

Ion-Exchange

Media

ZIF-67

MesoLite

Configuration

Fixed-bed

Fixed-bed

Flow

Continuous

Continuous

Media
regeneration

Thermal (150 °C, 2 h)

Chemical (NaCl solution)
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The key parameters affecting the chemical costs of the technology can be summarised as:
•

Adsorbent cost

•

Regeneration cost

•

Practical loading

The main difference from an economic perspective is the cost of the media. Since MOFs have only
recently been developed on industrial scale, their cost is much higher than zeolites. ZIF-67 can be
purchased on a kg scale for £ 2500 kg-1, although for larger orders the price may be cheaper [192].
The cost of MesoLite is assumed to be similar to the one of other synthetic zeolites (e.g. Zeolite
13X) and is £ 1.93 kg-1 (2.50 USD kg-1) [193]. Despite the large difference, it is reasonable to think
that the cost of MOFs, which is an emerging technology will decrease rapidly in the near future as
it has happened for the price of innovations such as television or mobile phones in the last 50
years [194]. In fact, publications and research on production processes and application has risen
exponentially in the past 20 years. Moreover, compared to the conventional solvothermal
processes for zeolites production, new synthesis techniques that would help reducing the
production costs involve solvent-free technologies [125,195]. Solvent-free but also water-based
production technologies will help also from an environmental point of view, since the processing
and management of solvent waste is an issue, also for the production of zeolites. Furthermore,
despite the use of MOFs would currently be uneconomic, the demand for these materials is
increasing at pace, and their market is expected to be worth 410 million USD by 2024 [196]. This
indicates that the price of MOFs could decrease as fast as it has happened for example in the case
of televisions or mobile phones.
As far as the process is concerned, it was assumed that the MOF would be used in a composite
configuration with recycled carbon fibre to form a bed. This research has developed the composite
as an innovative solution to use ZIF-67 on a larger scale. In fact, it would be uneconomic to filter
out the fine particles, but it was positively demonstrated in Section 6.2.1 that the MOF can easily
form a dense structure with oxidised carbon fibres.
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The adsorption process would be applied as a polishing treatment to reduce the NH4-N
concentration to a conservative limit of 1 mg L-1. The analysis was directed for a small WWT plant
that would serve 2,000 PE, with a flow rate of 1200 m3 day-1 [190]. The flow rate was determined
by assuming the rate of a full flow treatment (FFT), which is the maximum rate of flow that WWT
works can accept for settlement and biological treatment. This value was set as triple the dry
weather flow (200 L head-1 day-1). The concentration of the influent was assumed 5 mg L-1. To
achieve 1 mg L-1 in the outlet would correspond to an 80 % removal efficiency. As it was observed
in Section 6.2.2, ZIF-67 would require a temperature of 35 °C and conservatively 60 minutes
contact time to reach 90 % of its equilibrium adsorption capacity (Section 5.2.1). This parameter
is called Empty Bed Contact Time (EBCT) and is the time during which the water is in contact with
the medium. The volume of ZIF-67 needed was calculated according to the literature following the
equation below [197]:
𝑀𝑒𝑑𝑖𝑎 [𝑚# ] = 𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 [𝑚# ℎ$/ ] × 𝐸𝐵𝐶𝑇 [ℎ]

(Eq. 29)

A summary of the principal design parameters is reported in Table 14.
Table 14: Design parameters for the adsorption column with ZIF-67 and MesoLite

Parameter

Notes

Notes

Media

ZIF-67

This work

MesoLite

[190]

Media cost [£ kg-1]

2500

[192]

1.93

Alibaba

Plant size [PE]

2000

Assumed

2000

Assumed

Flow rate [m3 day-1]

1200

Assumed

1200

Assumed

Qmax [g kg-1]

11.16

This work

51

[188]

C0 [mg L-1]

5

Assumed

5

Assumed

Ce [mg L-1]

1

Assumed

1

Assumed

Contact time [min]

60

Experiment

15

Experiment

Media [m3]

50

Calculated

12.5

Calculated

Life of the media

50

Assumed

50

Assumed

From Eq. 29 the volume of ZIF-67 needed was indeed calculated from the flow rate 50 m3 h-1
(converted from 1200 m3 day-1), multiplied by the contact time (60 minutes, thus one hour). In
the same way, 12.5 m3 were calculated for MesoLite. The quantity required of ZIF-67 was
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calculated from the EBCT, the flow rate Q and the adsorbent loading (ρZIF-67). From the batch tests,
the optimal ZIF-67 loading was determined to be 5 g L-1 of NH4-N solution (Section 5.2.2) and was
used for the following calculation:
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑍𝐼𝐹 − 67 𝑖𝑛 𝑡ℎ𝑒 𝑏𝑒𝑑 [𝑔] = 𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 [𝐿 ℎ$/ ] × 𝐸𝐵𝐶𝑇 [ℎ] × 𝜌<=:$>? [𝑔 𝐿$/ ] =
= 50,000 𝐿 ℎ$/ × 1 ℎ × 5 𝑔𝐿$/ = 250,000 𝑔 = 250 𝑘𝑔

(Eq. 30)

The usage rate of ZIF-67 could be calculated by using the information provided by the Freundlich
parameters Kf and n identified from the batch experiments (Kf = 1.125 and n = 0.313, Section 6.2.4)
which define qe (the adsorbate phase concentration at equilibrium in mg of adsorbate per g of
adsorbent):
𝑈𝑠𝑎𝑔𝑒 𝑟𝑎𝑡𝑒 [𝑔 𝐿$/ ] =

𝐶- − 𝐶3 𝐶- − 𝐶3
=
= 3.55 𝑔 𝐿$/
𝑞3
𝐾@ 𝐶3 ;

(Eq. 31)

If we divide the mass of ZIF-67 by the usage rate it is possible to calculate the volume of water
treated:
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 [𝐿] =

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑍𝐼𝐹 − 67 [𝑔] 250,000 𝑔
=
70,422 𝐿
𝑈𝑠𝑎𝑔𝑒 𝑟𝑎𝑡𝑒 [𝑔 𝐿$/ ]
3.55 𝑔 𝐿$/

(Eq. 32)

Finally, the bed life in days is derived by dividing the volume of water treated within the defined
EBCT by the daily flow rate, as below:
𝐵𝑒𝑑 𝑙𝑖𝑓𝑒 [𝑑𝑎𝑦𝑠] =

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 [𝐿]
= 0.06 𝑑𝑎𝑦𝑠
𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 [𝐿 𝑑$/ ]

(Eq. 33)

The result is very low, indicating that the media would need to be changed multiple times within
the day. However, this is a starting point which enables us to understand the current baseline with
respect to the batch tests and the capacity of the media at its early stage in the research. The
following calculations assume that the ZIF-67 could be used for 50 cycles as MesoLite to
understand the impact of the other variables.
Given the limited amount of data available for ZIF-67, the approach taken to estimate the costs
was similar to the one proposed by Kumar et al. [198]. The chemical cost of adsorption, which
does not consider the capital cost of the equipment, can be expressed as:
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𝐶𝑜𝑠𝑡 [£ 𝑔$/ 𝑁𝐻! − 𝑁] =

8";A
;"/

(Eq. 34)

Where x is the cost of one adsorption cycle measured in £ g-1 of NH4-N, y is the cost of the
regeneration cycle (£ g-1 of NH4-N) and n is the number of regeneration cycles before replacing
the media. The function x can be defined as:
𝑥=

𝑥/
𝑥B

(Eq. 35)

With x1 being the cost of the adsorbent (£ kg-1) and x2 is the adsorption capacity (g NH4-N kg-1). A
simulation of the cost was run using Eq. 35. It was assumed an adsorption capacity of 51 mg g-1
for MesoLite and 11.14 for ZIF-67, as result of the isotherm study (Section 6.2.4). If the cost of
ZIF-67 remained 2500 £ kg-1, an increase in the adsorption capacity would not be sufficient to
compete with the overall cost of MesoLite, which is 0.038 £ g-1 of NH4-N adsorbed (Figure 44, left).

Figure 44: Cost of one adsorption cycle with respect to the cost of ZIF-67 at different Qmax (left); the same graph zoomed
in the area of interest (right)

From the graph, it emerges how ZIF-67 would become competitive if the price of the media
decreased to below £ 5 kg-1. If Qmax increased to 20 g kg-1, the price of ZIF-67 should drop to £ 1 kg1

to result in an overall cost equal to the one of MesoLite (red horizontal line in Figure 44, right).

Moreover, ZIF-67 would be competitive if the adsorption capacity improved to 30 or 60 mg g-1
also at £ 2.5 kg-1. It is important to note that these estimates are conservative, as the overall price
of MesoLite does not include the cost of the required pre-treatment with sodium chloride, which
would be avoided if using ZIF-67.
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With regard to the regeneration, the regeneration cost function y can be split as:
𝑦=

(𝑦/ + 𝑦B )
𝑥B

(Eq. 36)

Where y1 is equal to cost of desorption of one cycle (£ kg of media-1 cycle-1), y2 is the cost of NH4N recovery (£ kg of media-1 cycle-1). In this study, it is assumed that the cost of the recovery process
with sulfuric acid solution (y2) was the same for ZIF-67 and MesoLite. As far as the regeneration
process is concerned, it was assumed that the spent ZIF-67 would be regenerated thermally at
150 °C for 2 hours, as mentioned previously. The value of energy was calculated as the integral of
the DSC curve of a ZIF-67 sample after adsorption (Appendix C, Figure C 1) up to 150 °C and was
determined as 33.55 kJ kg-1. This value is equal to 0.009 kWh kg-1. Considering that the cost of
electricity is assumed as 10 p kWh-1 (data provided by Severn Trent), the total energy required
per kg of ZIF-67 can be calculated as:
𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡<=:$>? [£ 𝑘𝑔$/ ] = 0.009

𝑘𝑊ℎ
× £ 0.1 𝑘𝑊ℎ$/ = £ 0.0009 𝑘𝑔$/ 𝑐𝑦𝑐𝑙𝑒 $/
𝑘𝑔

(Eq. 37)

= £ 0.9 𝑡𝑜𝑛𝑛𝑒 $/ 𝑐𝑦𝑐𝑙𝑒 $/

In case of regeneration of the spent MesoLite, a solution NaCl and NaOH was used, which resulted
in a total annual operating cost of £ 66,000 if the brine solution is not reused. The cost dropped to
£ 32,000 when the solution was utilised three times [190]. Those values can be converted to the
cost per kg of media as below:
𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡C3DE9(*3 [£ 𝑘𝑔$/ ] =
$/

£66,000 𝑦𝑒𝑎𝑟
1
×
365.25 𝑑𝑎𝑦/𝑦𝑒𝑎𝑟 12500 𝑘𝑔 𝑑𝑎𝑦 $/ × 49 𝑐𝑦𝑐𝑙𝑒𝑠

= £ 0.00029 𝑘𝑔 𝑐𝑦𝑐𝑙𝑒

$/

$/

= £ 0.29 𝑡𝑜𝑛𝑛𝑒 𝑐𝑦𝑐𝑙𝑒

(Eq. 38)

$/

The value decreases to £ 0.14 tonne-1 cycle-1 if the brine is recycled three times. Thus, the function
y expressed in Eq. 36 can be derived by dividing these values by the adsorption capacity. Then the
function y can be inserted in Eq. 34 to calculate the overall cost. For this calculation, it was
assumed that the adsorption capacity remained the same throughout the number of cycles.
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Figure 45: Overall cost of the adsorption technology expressed in £ g-1 of ZIF-67 at different Qmax and MesoLite with
respect to the number of regeneration cycles. The cost of the media is £ 2500 kg-1 for ZIF-67 and 1.93 £ kg-1 for MesoLite

The overall cost of MesoLite with and without the reuse of chemicals for the regeneration was
sensibly lower compared to the cost of the technology with ZIF-67 (Figure 45). However, if the
adsorption capacity improved to 30 g kg-1 the MOF would become more competitive with an
overall cost below £ 2.5 g-1 of NH4-N and 50 regeneration cycles. It is important to note that of the
overall cost, 99.9 % is attributed to the adsorption step and therefore the cost of the media. Thus,
Figure 46 shows the impact of the cost of ZIF-67 on the total cost of the technology.

Figure 46: Impact of the cost of ZIF-67 and Qmax on the overall cost (left) with 50 regeneration cycles; the same graph
zoomed in the area of interest (right)
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Interestingly, the overall cost is greatly reduced to below £ 0.2 g-1 when the price of ZIF-67
becomes £ 100 kg. Moreover, if ZIF-67 had the same adsorption capacity of MesoLite (51 g kg-1)
the overall cost equal to the one of the zeolite would be reached when the ZIF-67 was worth £ 5
kg-1 (Figure 46, right). From an environmental point of view, the energy used to regenerate ZIF67 could be provided by renewable sources and would avoid the use of brine, making it a more
sustainable option.
These preliminary considerations are only an estimation of the order of magnitude of the costs
involved in the use of ZIF-67 in comparison with MesoLite. Ultimately, this data provided insights
into the differences and potential advantages of the ZIF-67 adsorption process. To make this
process viable and competitive, both the cost of the media and the adsorption capacity will need
to be improved. Nevertheless, the initial estimates show promising trends, which will be key for
future development.
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8 Research challenges and recommendations
This research has looked at two different ammonia recovery technologies: chemical precipitation
and adsorption. Chemical precipitation is a widespread and consolidated technique also on
industrial scale, applied in nutrients-rich streams. The challenges regarding this process involved
the use of magnesium chloride (MgCl2) needed for the precipitation and the low quality of the
solid product, struvite, which could be sold as slow release fertiliser. This research provided new
insight and potential solutions to these challenges by looking at thermally decomposing struvite
and recover more valuable products (e.g. ammonia solution). During this study, the
decomposition reactions were identified, and the energy required for each step was found. The
temperature of the decomposition of struvite to magnesium hydrogen phosphate (MgHPO4) still
remains a challenge for WWT industry. In fact, it was found from the thermal analysis that the
temperature must be up to 250 °C to perform the first reaction. However, the energy needed for
the first reaction was found to be 5 % of the total energy requirement for a plant that serves
800,000 PE and that generates 1000 kg of struvite per day. This study proposed a first stage
decomposition at 75 °C to evaporate most of the water, followed by a second step at 250 °C to
complete the first reaction and recover all the ammonia. The recovery would then be completed
with a condensation step. However, this conceptual design is only a preliminary process-flow,
created based on the results of this study.
Future research should look more in details into the design of the thermal decomposition
technology by considering this new knowledge, especially with regard to the kinetics. This work
proved that the first reaction is characterised by a diffusion mechanism. This means that the
reaction could be facilitated by agitation. Thus, a stirred-tank reactor would be preferred for this
stage. Furthermore, MgHPO4 could be reused in the feed for multiple cycles to reduce the use of
MgCl2. However, it would be important to assess the effectiveness of MgHPO4 on industrial scale
to identify the optimal number of cycles in which MgHPO4 can be reused, before being recovered
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from the system. Thus, future research should focus on a pilot-scale study to assess how these
parameters influence the design of the technology.
As far as the adsorption process is concerned, this project looked at uncovering new possible
materials that could be used as an alternative to conventional adsorbents, such as zeolites. This
work demonstrated for the first time the potential of Metal-Organic Frameworks (MOFs) in the
adsorption of ammonium nitrogen (NH4-N) from wastewater. Several highly water-stable MOFs
were tested. The screening test highlighted how challenging it is to find a suitable adsorbent. In
particular, high surface area and water stability are not enough to guarantee the capture of NH4N. From this screening it was understood that there has to be chemical interaction with the guest
specie to compete with the water molecules and trap the adsorbate in the pores. In this study it
was demonstrated the effective NH4-N uptake of ZIF-67, a MOF which has a zeolitic-like structure
with a cobalt cluster and methylimidazolate linkers. This MOF could successfully capture NH4-N
in various conditions of pH, adsorbent loading, temperature, initial NH4-N concentrations. This
study provided a proof of concept that this material could be considered in the future as an
alternative material for this application. However, research is at an early stage and future studies
should focus for example on understanding the behaviour of ZIF-67 in more realistic conditions
(e.g. presence of competing cations or other contaminants). It is important indeed to mention that
the results obtained in this research are based on tests carried out in ammonia solution and future
studies should analyse the MOF behaviour in synthetic and real wastewater. In this research
project ZIF-67 was positively synthesised for the first time in a composite configuration with
oxidised recycled carbon fibres. This configuration did not affect the capacity to adsorb NH4-N,
and actually improved the capacity of the corresponding ZIF-67 synthesised in the lab. This
composite provides the advantage of overcoming the limitation of nanoscale particles that would
be an issue in industry. Thus, research should investigate this composite, which could facilitate
the scalability of this material to industrial scale. Lastly, future work should regard thorough
investigation of the reusability of the material, to also allow for a more detailed cost/benefits
analysis. The cost analysis was conducted with data collected in this research at laboratory scale,
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in addition to data and assumptions from the literature to the best of the author’s knowledge.
Therefore, the accuracy of the cost analysis was limited by data availability and the number of
assumptions used for the calculations. Data obtained at a larger scale of implementation would
help to develop a more accurate picture for the technology.
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9 Conclusions
This research had the principal aim of providing new knowledge to develop more sustainable
solutions for the recovery of ammonia from wastewater. To do so, the chemical precipitation
and adsorption technology were studied during the EngD.
The optimisation of the chemical precipitation technology involved the thermal decomposition
in the solid state of the precipitate, struvite. Struvite deposits together with heavy metals which
lower its economic value. In addition to this, magnesium chloride has to be dosed to allow the
precipitation. Moreover, high levels of ammonium are left in the stream due to the limiting
reagent (phosphate ion). The objectives of this research involved the assessment of struvite
thermal decomposition as an option to recover more valuable products whilst recycling the
magnesium source, thus reducing the operating costs of struvite precipitation. The study
involved the characterisation of the decomposition products; the identification of the
decomposition mechanism and of the energy required for the process; the assessment of the
reusability of struvite calcination products to reduce the use of magnesium.
This innovation report highlights that it is possible to thermally decompose struvite and
recover ammonia and water in vapour form (objective A.1). Interestingly, 42 % out of the total
mass loss (54.5 %) can be evaporated by heating struvite at 75 °C. Elemental analysis revealed
that nitrogen (2.5 % of the sample) remains in the solid at that temperature, whilst a
temperature of at least 250 °C is needed to evaporate all the ammonia. The thermal analysis on
struvite, combined with a kinetic study also accomplished objective A.2 by revealing the
presence of a two-step decomposition process. The two-step thermal degradation proposed in
this study is the following:
MgNH( PO( ∙ 6H* O(:) → MgHPO( (:) + NH&(=) ↑ +6H* O(=) ↑
2MgHPO( (=) → Mg * P* O>(?) + H* O(=) ↑
The energy required for both steps was identified, and the kinetics of the first reaction was
found to be controlled by diffusion. From an industrial point of view, a diffusion-controlled
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reaction means that the decomposition can be sped up under agitation. This information is
important from a design point of view, thus it helped fulfilling objective A.3.
The first reaction transforms struvite into magnesium hydrogen phosphate (MgHPO4) and is
completed at circa 250 °C. This step was considered for a conceptual design of the struvite
decomposition technology, since the product of the second reaction, magnesium
pyrophosphate (Mg2P2O7), is insoluble in water and could hardly be reused to recover more
ammonia. This Innovation Report highlights how the energy required for the first reaction
would be 5 % of the total energy required for a WWT plant serving 800,000 PE and producing
1 tonne of struvite per day. Thus, a preliminary design of the technology was suggested
(objective A.3), which would use low-grade heat as a first step to evaporate most of the water
and small part of the ammonia at 75 °C. Afterwards, a second heating unit would bring the
compound up to 250 °C to complete the transformation to MgHPO4. Highly pure ammonia
solution could be recovered, whilst MgHPO4 could be reused for several times to reduce the
use of magnesium chloride needed for the struvite precipitation. Moreover, this would result
in the recovery of larger amounts of ammonium, which is usually left in the stream due to the
limiting concentration of phosphate ions.
The research which regarded the adsorption technology focused particularly on the adsorbent
media. The main research question was: what new materials could potentially be applied for
the adsorption of ammonium? This project investigated the potential of a new class of porous
nanomaterials, Metal-Organic Frameworks (MOFs), which had only been tested for the
recovery of ammonia in gaseous form. This study had the principal aim of understanding their
ability to capture NH4-N and define the characteristics of these MOFs that enhance the
adsorption towards ammonium and ammonia. Several water-stable MOFs were tested with a
batch screening experiment carried out in fixed conditions in ammonia solution. Their
performance was evaluated with characterisation tests on the structure before and after
adsorption (objective B.1). From this test one MOF in particular, ZIF-67, emerged as the most
suitable for this application, capturing 40 % of ammonium present in solution. The uptake was
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lower but still comparable with the conventional natural zeolite clinoptilolite, which reached
48 % removal efficiency in six hours (objective B.2). Interestingly, ZIF-67 has the same
structure of ZIF-8(Zn), which gave an unstable behaviour and did not remove any ammonium.
The only difference lies in the metal cluster, which for ZIF-67 is constituted by cobalt. The same
consideration could be done for CPO-27(Zn) and CPO-27(Ni). The nickel-based CPO-27
achieved better removal performance compared to CPO-27(Zn), which had an unstable
behaviour in the solution. This led to the conclusion that the metal cluster has a key role in
enhancing the chemical interactions towards ammonium and retaining the contaminant in the
structure. The project then posed the attention on ZIF-67, which was investigated with more
detailed tests. The effectiveness of this material for this application was assessed for the first
time to the best of the author’s knowledge. This research has proven that ZIF-67 can effectively
uptake ammonium in different conditions of initial pH, initial ammonium concentration,
adsorbent loading and temperature. The structure was retained in most cases and the optimal
range of conditions was evaluated. The optimal adsorbent loading was found to be at 5 g of ZIF67 L-1, before the adsorption capacity drops considerably at higher loadings. At room
temperature, it emerged that 56 % removal efficiency could be achieved when the ammonium
was 25 mg L-1, average value found in wastewater mainstreams. Interestingly, this
performance increased to an average of 85 % removal at 35 °C, taking the NH4-N below a
conservative discharge limit of 5 mg L-1. This would make the MOF suitable for a polishing
treatment, to remove residual ammonium before the clean effluent is discharged.
Lastly, the kinetics of the adsorption process with ZIF-67 were investigated, by using the
pseudo-first order and pseudo-second order kinetic models. The experimental data fitted well
the pseudo-second order model. This indicated that, that chemisorption is the mechanism
governing the process, as for zeolites. This means that the uptake of ammonium depends on
the number of active sites, and on the exchange of electrons between ZIF-67 and the guest
specie.
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In this work, ZIF-67 was successfully synthesised in a composite configuration with oxidised
recycled carbon fibres. This configuration will help to overcome the challenge in the industrial
use of this nanomaterial. In fact, it would avoid the need for ultrafiltration, which would greatly
lower the operating cost.
A preliminary economic evaluation was carried out by comparing the use of ZIF-67 with the
conventional MesoLite. Currently, the price of ZIF-67 is uneconomic (£ 2500 kg-1) compared to
zeolites because its industrial scale production has only recently reached the market. However,
the demand for these innovative materials is rising; thus, it is reasonable to think the cost will
lower in future years, as it has been the case for other innovations (e.g. televisions or mobile
phones). This work revealed that the cost needs to drop to below £ 5 kg-1 for ZIF-67 to be
competitive. Another important parameter that influences the industrial applicability is the
adsorption capacity. In this study, it was found that the adsorption capacity of the MOF has to
be improved to 30 mg g-1 and the cost of the media should decrease to £ 5 kg-1 for this process
to be viable. However, as opposed to MesoLite, ZIF-67 would not require the use of chemicals
for the regeneration but could release gaseous ammonia and be reactivated thermally.
Moreover, the energy to reactivate the MOF could come from renewable sources, further
reducing the environmental impact of the technology. Currently, the cost of the media
represents 99.9 % of the overall cost of the process, which considered adsorption and
desorption costs. To the author’s knowledge, this was the first study regarding the use of ZIF67 for the capture of ammonium in the liquid phase, which positively established the potential
of this material for this application.
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Figure A 1: FTIR spectra of Ni(INA)2 before adsorption (b.a.) and after adsorption (a.a.)

Figure A 2: FTIR spectra of MIL-53(Al) before (b.a.) and after (a.a.) adsorption
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Figure A 3: Residual concentration Ct over time for CPO-27(Ni) at different MOF loadings

Figure A 4: FTIR of CPO-27(Ni) before (b.a.) and after (a.a.) adsorption
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Figure A 5: Removal efficiency over time of ZIF-67, clinoptilolite and MesoLite

Figure A 6: FTIR of ZIF-67 after adsorption with different initial pHs
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Figure B 1: XRD (left) and FTIR (right) of ZIF-67[Co,Cu] compared to ZIF-67 PP
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Figure B 2: EDS-TEM elemental mapping images of ZIF-67[Co,Cu]
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Figure B 3: XRD (left) and FTIR (right) of Ag@ZIF-67 compared to ZIF-67 PP
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Figure B 4: EDS-TEM elemental mapping images of Ag@ZIF-67
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Figure C 1: DSC curve of ZIF-67 PP after adsorption at 35 °C
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