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Abstract 
This thesis focuses on the development of a catalyst supported by the metal-organic framework 

(MOF)-derived Co-doped material for the reduction of nitrate (NO3
-) in aqueous systems. Nitrate 

pollution poses severe risks to human health and the environment, and efficient technologies are 

required for its control. The catalytic reduction of aqueous nitrate is a desirable choice since it can be 

tailored to the necessary reactivity and selectivity and requires no excessive energy inputs. The study 

aims to synthesize and characterize zeolitic imidazole framework ZIF-67-based catalysts and evaluate 

the catalytic activity for nitrate removal in batch kinetic tests. The study also aims to investigate 

different parameters affecting the reactivity and selectivity of the process to achieve the optimum 

conditions, identify the reaction mechanism by analytical investigation of the catalyst surface before 

and after reaction, and evaluate the catalyst stability and durability in consecutive reaction cycles with 

analysis of metal leaching. 

Compared to other catalysts reported in the literature, Pt-Co@NC showed competitiveness, 

demonstrating one of the highest rate constants for the reaction at similar conditions. Carbonization 

of ZIF-67 resulted in the improved stability of the structure, exposing Co to the surface of carbon 

material. Impregnation of Pt on the surface of Co@NC was beneficial for nitrate reduction compared 

to other metals and resulted in enhanced reactivity with the full reduction of 60 mg/L NO3
- -N in 30 

min. Moreover, an increase in catalyst loading and Pt content positively affected the reactivity of the 

system as well as the reduction in contaminant concentration. 

Overall, the study's findings suggest that Pt-Co@NC can effectively reduce nitrate pollution 

in aqueous systems with high selectivity towards ammonium (NH4
+). The catalyst is durable and 

stable, making it a promising candidate for nitrate removal from water sources. The study provides 

valuable insights into the synthesis and characterization of ZIF-based catalysts and their catalytic 

activity for nitrate removal. 
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Chapter 1 - Introduction 

Nitrate (NO3
-), one of the main groundwater pollutants, contaminates water sources from 

extensively fertilized soil, landfills, urban drainage, and septic systems [1]. At increased 

concentrations, NO3
- severely risks human health and the environment. The nitrate’s toxicity mainly 

comes from its reduced form, nitrite (NO2
-). These nitrogen species in aqueous sources are of high 

concern for pregnant women and infants’ health due to the risk of methemoglobinemia, or a “blue 

baby syndrome,” occurring because nitrite binds more strongly to hemoglobin than oxygen [2]. Nitrite 

pollution relation also to an elevated risk of gastric cancer. Water quality standards and norms in the 

Republic of Kazakhstan classify nitrate as a “dangerous” pollutant, while nitrite is “highly dangerous” 

[3]. Regulations set nitrate and nitrite concentration limits of 45 mg/L and 3.3 mg/L in water sources 

for domestic use [3], [4]. World Health Organization (WHO) standards set the limit of 50 mg/L of 

nitrate in water reservoirs [5]. Developing efficient technologies to control nitrogen species 

concentration in an aqueous environment of essential need.  

Although the adequate use of nitrogen fertilizers is needed to reduce nitrate pollution, several 

methods are adopted for nitrate removal from water sources, including ion exchange, reverse osmosis, 

and biological denitrification [6]. They all produce secondary waste of high contaminant 

concentration and require frequent media regeneration. The most popular method, biological 

denitrification, is efficient but requires intense maintenance and a steady supply of organic substrates. 

Additionally, waste sludge is created during the process, and constant temperature control is required 

to maintain high levels of reactivity. Since it produces no secondary waste and can be tailored to the 

necessary reactivity and selectivity, enhanced catalytic reduction of nitrates is a desirable choice. In 

the current work, the chemical reduction of aqueous nitrate with the help of a catalyst will be 

investigated. There are numerous different catalyst systems were suggested for NO3
- removal, 

including zeolites, zero-valent iron, and Fe-containing minerals [7], [8]. Nitrate reduction path could 

produce ammonium (𝑁𝑂3
− → 𝑁𝑂2

− → 𝑁𝑂 → 𝑁𝐻2𝑂𝐻 → 𝑁𝐻4
+) or nitrogen gas (𝑁𝑂3

− → 𝑁𝑂2
− →

𝑁𝑂 → 𝑁2𝑂 → 𝑁2). Metal-organic framework (MOF) materials could suggest numerous beneficial 

properties for the use in catalytic systems [8].  

 This work aims to study the reduction of NO3
- in aqueous systems by bimetallic catalysts 

supported by MOF-derived Co-doped material. The following experimental tasks were addressed to 

reach the established aim: (1) synthesis and characterization of zeolitic imidazole framework (ZIF)-

based catalysts; (2) evaluation of catalytic activity of ZIF-derived catalyst for nitrate removal catalyst 
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in batch kinetic tests; (3) selection and variation of different parameters affecting the reactivity and 

selectivity of the process to achieve the optimum conditions; (4) investigation of catalyst surface after 

reaction by analytical methods; (5) evaluation of catalyst stability and durability in consecutive 

reaction cycles.  

The following thesis comprises five chapters: 1) Introduction, 2) Literature review, 3) 

Materials and methods, 4) Results and discussion, 5) Conclusion. 

  



9 
 

Chapter 2 - Literature review 

The literature review focuses on sources of nitrate pollution and ways to remove it from the 

aqueous environment. Catalytic nitrate reduction methods and description of metal-organic 

framework applications are represented in the following subsections as well. 

2.1. Aqueous nitrate pollution 

Nitrate is an integral part of nitrogen cycles and plays a vital role in the functioning of all 

biological species. Nitrogen is essential to plant growth, and it should be available in inorganic form 

as ammonia (NH3), ammonium (NH4
+), nitrite (NO2

-), or nitrate (NO3
 -). Soil microorganisms break 

down organic compounds, releasing inorganic nitrogen [9]. In terrestrial ecosystems, nitrogen can be 

found as dead organic matter; however, the sources of naturally occurring nitrogen gradually decrease 

due to deforestation and anthropogenic activities. Meanwhile, the increased need for food supply due 

to the growing human population and the depletion of soil resources stimulates the extensive use of 

inorganic fertilizers. 

Fertilizers are an integrated part of the world’s agricultural sector development as they provide 

essential elements for enhanced growth of crops and blossoming harvests. The constant growth of the 

world population and high demand for food across the globe leads to a higher reliance on inorganic 

and organic fertilizers [10]. The Food and Agriculture Organization of the United Nations reported 

that nitrogen consumption in 2014 increased by 32.2% compared to 2000 [11]. It is estimated that 

nitrogen consumption will increase by 172% by 2050. In Kazakhstan, fertilizers are paramount due to 

the soil quality and high demand for agricultural products. 190 thousand tons of ammonium nitrate 

was purchased by Kazakhstani farmers in 2020 [12]. Moreover, the largest supplier produced 380 711 

tons of nitrogen fertilizers in 2021. Extensive consumption of fertilizers leads to excessively 

concentrated amounts of nitrate in the soil, which then leaks into groundwater and deteriorates the 

quality of the soil and water bodies [13]. It has been reported that only half of the supplied nitrogenous 

fertilizers are used by plants, while the rest either evaporates, reacts with organic compounds, or leaks 

into the groundwater. The latter accounts for approximately 2-10% of the total nitrogen supplied with 

fertilizers [10]. Highly mobile and water soluble NO3
- species can easily spread to large distances and 

enter surface water and groundwater. While one of the most efficient ways to reduce the nitrogen 

input into ecosystems is to limit the use of agricultural fertilizers, emergent actions should be taken 
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for the treatment of the nitrite-polluted environment to provide fresh water and control the growth of 

microorganisms in water bodies. About 20% of European groundwater bodies are contaminated with 

nitrates, mainly due to agricultural activities, according to a report by the European Environment 

Agency (EEA). In addition to agricultural activities, anthropogenic nitrogen sources include manure 

pools, septic and sewer system leakage, and the discharge of untreated industrial and domestic 

wastewater [6].  

  At increased concentrations, NO3
- severely threatens human health and the environment. 

Nitrate toxicity is mainly due to its reduced form, nitrite (NO2
-). These nitrogen species in aqueous 

sources are of great concern for pregnant women and infants’ health due to the risk of 

methemoglobinemia, or a 'blue baby syndrome', a medical condition when blood loses the ability to 

carry oxygen to the tissues [5]. Nitrate pollution has also been linked to various health problems, 

including cancer and reproductive issues [5]. Besides human health risks, an elevated concentration 

of NO3
- in poorly buffered freshwater leads to eutrophication disrupting normal ecosystems of rivers 

and lakes [2], [14]. Water quality standards and norms in the Republic of Kazakhstan classify nitrate 

as a “dangerous” pollutant, while nitrites are “highly dangerous” [3]. Regulations set nitrate and nitrite 

concentration limits of 45 mg/L and 3.3 mg/L in water sources for domestic use. World Health 

Organization (WHO) uses the limit of 50 ppm for NO3
- concentrations in water to reduce health risks 

related to nitrate consumption [5]. Developing efficient technologies to control the concentration of 

nitrogen species in an aqueous environment of essential need.  

2.2. Technologies for the removal of nitrate from water 

Various methods have been incorporated for the treatment of nitrate-polluted water. Nitrates 

are removed through various technologies, divided into two main categories: nondestructive and 

destructive methods [6]. Non-destructive methods include the removal of NO3
- by ion exchange, 

adsorption, and reverse and forward osmosis techniques.  

Ion exchange is a chemical process in which ions of a given type (e.g., cations or anions) are 

exchanged with ions of the same charge that are bound to a solid matrix, usually a resin or a gel [15]. 

This exchange occurs due to electrostatic interactions between the mobile ions in the solution and the 

oppositely charged functional groups on the solid matrix. During treatment, nitrate and other anions 

in water are exchanged with chloride in the resin, thus releasing chloride into the water [16]. Then the 

resin is regenerated with sodium chloride solution (brine) and the exchange process is reversed. This 
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technology is used in small or medium size water treatment plants and has advantages of process 

control and easiness of operation. However, while ion exchange can be effective for removing nitrates 

from wastewater, it may not be the best option for all situations and can have some significant 

drawbacks that need to be considered [16]. These include expensive operation due to exchange resins 

cost, need for regular regeneration and, most importantly from environmental point of view, 

regeneration of the exchange resin can generate large volumes of waste, which may require additional 

treatment and disposal [15], [16].  

The adsorption process involves the attachment of nitrate molecules to the surface of the 

adsorbent material, which can then be removed from the water [17]. Activated carbon is an effective 

adsorbent for nitrate removal due to its large surface area and high porosity [17], [18]. Zhou et al. 

developed FeMgMn layered double hydroxide with capacity of 10.56 N-mg/g and removal rate of 

86.26% with the adsorbent dose of 5 g/L in real water [19]. While adsorption methods are effective 

in removing nitrate from water, there are also some disadvantages to using adsorbents for this purpose. 

One major drawback is that the adsorbents become saturated with nitrate over time, reducing their 

effectiveness and requiring replacement and regeneration [18], [20]. Additionally, the process of 

regeneration can be costly and may require the use of chemicals or energy. Finally, the initial cost of 

setting up an adsorption system can be high, and ongoing maintenance costs may also be a 

consideration [20].  

In reverse osmosis (RO), water is forced through a semi-permeable membrane under high 

pressure, which allows for the removal of dissolved solids, including nitrate [21]. Nitrate is removed 

by electrostatic interaction and size exclusion on the membrane surface [22]. RO has several 

advantages, including high efficiency, low energy consumption, and the ability to remove a wide 

range of contaminants. However, there are also several drawbacks to using RO for nitrate removal. 

One major concern is the potential for brine disposal, as RO produces a concentrated waste stream 

that can be difficult to manage [23]. Additionally, the process can be expensive, requiring specialized 

equipment and maintenance.  

Destructive methods convert nitrate to other nitrogen species using catalytic reduction or 

biological denitrification. Biological denitrification is a water treatment process that utilizes 

microorganisms to remove nitrate from water [24]. Microorganisms use nitrate as an electron acceptor 

in their respiration process, converting it into nitrogen gas that is released into the atmosphere. The 

microorganisms typically use a carbon source, such as methanol, as an electron donor to fuel the 
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process [25]. Biological denitrification can be accomplished through various systems, including 

packed bed reactors, fluidized bed reactors, and sequencing batch reactors. This process has several 

advantages, including low energy input and high treatment capacity with relatively low capital costs 

and environmental footprint [25]. However, the process requires careful monitoring and control to 

ensure that the microorganisms are functioning properly. 

2.3. Catalytic nitrate removal 

An attractive approach to NO3
- treatment is the improved catalytic reduction of nitrates to 

nitrogen, as it does not produce secondary waste and can be tailored to the appropriate reactivity and 

selectivity. Nitrate could be reduced to either ammonium (𝑁𝑂3
− → 𝑁𝑂2

− → 𝑁𝑂 → 𝑁𝐻2𝑂𝐻 → 𝑁𝐻4
+) 

or nitrogen gas (𝑁𝑂3
− → 𝑁𝑂2

− → 𝑁𝑂 → 𝑁2𝑂 → 𝑁2) [7]. N2 is an environmentally friendly product, 

while NH4
+ has a range of industrial applications. Both products have their merits. Under basic pH 

conditions, ammonium could rapidly transform to ammonia (NH3). The production of fertilizers 

makes substantial use of NH3, which is also used in the synthesis of some organic molecules, including 

plastics, fibers, explosives and intermediates for dyes and pharmaceuticals [26]. It is an industrially 

important raw material and a promising liquefied fuel [27]. Electrochemical reduction of N2 is a way 

of ammonia production that has received a lot of attention recently [28]–[30]. However, N2 is a highly 

thermodynamically stable compound and requires a large dissociation energy of 946 kJ/mol [31].  

Studies on electrocatalytic nitrate reduction to ammonia gas are gaining substantial attention in recent 

years. However, due to the limitations of electrochemical processes, most of them use high initial 

nitrate concentrations (up to 1000 mM) to avoid the transport limitations and hydrogen evolution 

reaction problem of electrocatalytic performance [32]–[35]. Moreover, wastewater streams containing 

nitrate also include other contaminants that could interfere the process [36]. 

A possible alternative to physical and biological methods of removing dangerous NO3
- from 

water sources is the reduction of catalytic nitrates with selectivity toward NH4
+. Numerous materials 

were investigated in-depth as active catalysts and support materials for NO3
- reduction processes, 

including zero-valent iron (ZVI), TiO2, hematite, NBeta, NaY zeolites, and others [37]–[41].  

2.3.1. Nitrate reduction by zero-valent metals 

Various chemical contaminants can be removed or degraded using ZVI, via different 

mechanisms, including sorption, complexation, (co)precipitation, and surface-mediated chemical 
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reduction [42]. ZVI is one of the most studied catalysts for nitrate reduction that has the advantages 

of low cost, high performance, and environmental friendliness [7]. Nitrate reduction could occur on 

the surface of zero-valent iron by coupled electron transfer reaction through Fe0 oxidation to Fe2+ or 

Fe3+ [43]. However, particle agglomeration, formation of iron oxides on the catalyst surface, and 

narrow operational pH range limit the applicability of direct nitrate reduction by ZVI [42]–[44]. The 

use of zero-valent iron as a support material for monometallic catalysts such as Cd, Pt, Cu, and Ni 

was also investigated. Cu-doped ZVI was compared to meso- and nano-scaled ZVI by Liou et al. [45]. 

They found that the activation energies of nitrate reduction reduced more noticeably in the Cu-Fe0 

system. In another study, Cu-impregnated ZVI resulted in 96% nitrate reduction in 1 h, compared to 

67% achieved by Ni/ZVI under the same conditions, showing the importance of proper metal selection 

[46]. Cu, Ni, and other metals like Sn and Zn are referred to as promoter metals (Mp) in this context, 

where NO3
- adsorption takes place with a subsequent reduction to NO2

-. The promoter metal appears 

to be the primary catalyst for nitrate reduction at the ZVI-supported monometallic catalyst, with ZVI 

acting as a reductant source for the promoter metal, resulting in the regeneration of the oxidized 

promoter to the zerovalent form (for example, Cu2+ to Cu0) [46]. Although numerous different 

catalytic systems were investigated for the removal of NO3
- by ZVI, loss of ZVI reductive capacity 

and the oxidation of surface metals is the major disadvantage of prolonged nitrate removal [47]. 

Other zero-valent metals were also studied for nitrate reduction, including Al0 (ZVA), Mg0 

(ZVM), Cu0 (ZVC), and Zn0 (ZVZ) [48]. Murphy found that ZVA has no reactivity in pH lower than 

8, achieving 75% of NO3
- removal at a pH of 10.5 with the main product being ammonia (60-95%) 

[49]. Similarly, Luk and Au-Yeung reported insignificant catalytic efficiency at pH lower than 10.2 

and higher than 12 with a maximum removal efficiency of 62% at a pH of 10.7 [50]. Thus, nitrate 

removal by Al0 is strongly reliant on pH of the reaction media. Moreover, at highly alkaline conditions, 

an increase in Al3+ ions in water was observed that possesses the necessity in additional treatment for 

the elimination of aluminum toxicity [48]. Different studies that used Mg0 powder for denitrification 

also reported the strong influence of pH on nitrate removal efficiency. Highly acidic conditions 

(pH<3) resulted in the highest reactivity towards nitrate reduction [51]–[53]. Nitrogen gas was mostly 

found to be the product of NO3
- reduction by ZVM.  

Electrocatalysts containing cobalt are currently under great attention in denitrification 

applications with high ammonia selectivity [54]–[56]. According to Carvalho et al., due to the strong 

nitrite binding and promotion of nitric oxide dissociation, selectivity towards NH3 is the highest for 
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Co among all transition metals [57]. The authors claim that the reason for this is the exceptionally 

high d-band center energy of cobalt metal. He et al. also suggest that Co is responsible for the 

conversion of NO2
- to NH3 in the Cu/CuOx electrocatalytic NO3

- reduction mechanism [55]. Although 

cobalt is among the most used metals in electrochemical denitrification processes in recent years, its 

performance in aqueous catalytic systems has not been reported in the literature.   

2.3.2. Nitrate reduction by bimetallic catalysts with different support materials. 

To improve reactivity of monometallic catalytic systems with only Mp present, the addition of 

noble metal, Mn, including Pt, Pd, Ru, etc. Although Mn is not involved in the redox reaction, it is 

crucial in the adsorption and activation of H2 (Hads), which then decreases NO2
- desorbed from Mp to 

the product, either N2 or NH3. In comparison to the previously described catalytic systems, bimetallic 

Cu-Pd/ZVI demonstrated increased reactivity, leading to a 97% reduction in 30 min under continuous 

H2 flow [46].  

There are other support materials used in nitrate reduction besides zero-valent iron. Passive 

support materials come in a variety that excel in reactivity and selectivity. These minerals include 

TiO2, red mud, hematite, kaolinite, NBeta, and NaY zeolite [37]–[41]. Monometallic catalysts based 

on passive materials often exhibit lower or even zero reactivity when compared to Cu/ZVI due to the 

absence of reduction by ZVI sites [39], [58]. However, when deposited on the surface of passive 

support rather than on ZVI, bimetallic catalysts remove nitrate much more quickly and exhibit strong 

N2 selectivity. Sn-Pd/NBeta demonstrated a 98% decrease in 30 minutes in the study by Hamid et al., 

with a kinetic rate constant of 19.09×10−2 min− and a N2 selectivity of 80.8%, whereas Cu-Pd/NBeta 

demonstrated a 95% reduction in NO3
- in 120 min, with the highest selectivity at 92% [41]. While 

passive support materials are not actively involved in the reaction, they contribute to varying levels 

of reactivity and selectivity during NO3
- reduction. For instance, Sn-Pd/Red mud demonstrated 100% 

NO3
- reduction in 45 minutes while achieving 89% N2 selectivity [59], whereas Sn-Pd/Nbeta 

demonstrated 98% reduction in 30 minutes while producing a lesser N2 selectivity of 80% [41]. The 

mechanical characteristics of the support material and its interactions with the metal play a significant 

part in how well the catalyst functions [7]. Deactivation by surface fouling, irreversible oxidation of 

the promoter metal, metal leaching, and metal particle aggregation are some of the major difficulties 

that catalytic NO3
- removal systems encounter. 
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2.4. Metal-organic and zeolitic-imidazolate frameworks  

A relatively recent family of extremely adaptable materials known as metal-organic 

frameworks (MOFs) is composed of metal ions coordinated to organic linkers that create highly 

organized three-dimensional structures [60]. Numerous metal-ligand (one or more) couples can create 

MOFs with any required mechanical properties. MOFs found applicability in many research areas, 

including gas separation, drug delivery, energy storage, photo- and electrocatalysis [61]–[63].  Among 

the appealing qualities of MOF materials for catalytic applications are their large surface area, variable 

pore size, and shape. Due to the aforementioned properties, the ability to add guests, a variety of post-

synthesis changes, and simple synthetic processes, the application of MOFs as heterogeneous catalysts 

is developing quickly [60]. As heterogeneous catalysts, MOFs have been successfully tested for 

oxidations of olefins, reduction of nitroaromatics, oxidation of alcohols, etc. [64].  

Zeolitic-imidazolate framework materials (ZIFs) are a sub-class of MOFs, which gained great 

attention due to their tunable characteristics, environmentally friendly and facile synthesis techniques, 

and competitive stability [65]–[68]. ZIFs made up of M-im-M molecules where M stands for Zn, Co 

cation and im stands for the imidazolate linker that self-assembles during the synthesis process. ZIFs 

have a variety of topologies that resemble traditional aluminosilicate zeolites, where metal ions act as 

silicon and imidazolate anions act as oxygen by forming bridges [69]. ZIFs thus frequently take on 

zeolite-like topologies with structures resembling those found in zeolites.  

Nevertheless, there is a lack of research efforts being devoted to the application of MOFs and 

ZIFs for the catalytic removal of NO3
- [70]. Papers published recently consider mainly the application 

of MOFs for electrochemical nitrate reduction to N2 or NH4
+, and photocatalytic reduction to 

ammonium [71]–[73]. In fact, very few studies used metal-organic framework catalysts for this 

purpose so far. MOFs and ZIFs have not found their application in aqueous catalytic nitrate reduction 

yet. The selection of appropriate MOFs could be challenging due to some disadvantages of these 

materials. One of the strongest criticisms of the application of MOFs in heterogeneous systems is the 

lack of structural stability in certain solvents. For example, ZIF-8 and ZIF-67 are known to be unstable 

under acidic conditions [74], [75]. The low acidic stability of ZIFs is caused by the fairly strong 

affinity between protons and azolate groups [76]. The structures of ZIFs are present in Figure A1. 

Overall, the main disadvantage of MOFs is their water instability due to the lability of ligand–metal 

bonds [77]. ZIFs with open metal sites strongly bind water and are difficult to regenerate after water 

exposure. Various post-synthetic treatment ways are available to modify ZIFs according to the desired 
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properties. Carbonization of ZIFs results in highly stable carbon materials that are also under 

substantial investigation due to their high surface area, controllable pore size, and improved stability 

compared to their precursors [8], [78], [79].  
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Chapter 3 – Methodology 
3.1. Materials 

Sodium nitrate (99.0%, ACS reagent, Sigma Aldrich) and sodium nitrite (99.0%, Sigma 

Aldrich) were used to prepare calibration standards for ion chromatography and for batch kinetic 

experiments. Cobalt(II) nitrate hexahydrate (≥98.0 %, Sigma Aldrich), and 2-Methylimidazole 

(99.0%, Sigma Aldrich) were used for the synthesis of ZIF-67. Eluents for ion chromatography were 

prepared with 100 mM H2SO4 solution (96%, ACS reagent, Sigma Aldrich) for suppressor 

regeneration, and 1.0 mM NaHCO3 (99%, ACS reagent, Sigma Aldrich), and 3.2 mM NaCO3 (99.8%, 

ACS reagent, Sigma Aldrich) as buffer. All solutions were prepared with deionized water (18 

MΩ*cm). The precursor solutions for promoter metals were prepared with Tin (IV) chloride 

pentahydrate (99.0%, ACS reagent), Copper (II) chloride dehydrate (98.0% Sigma-Aldrich), 

Ruthenium(iii) chloride hydrate (99.98% trace metal basis, Sigma-Aldrich), Nickel (II) chloride 

(98%, Sigma-Aldrich). Disodium tetrachloropalladate (98% Sigma-Aldrich), Platinum(IV) chloride 

(99%, ACROS Organics, USA) were also used as Pd, Pt precursors for noble metals, respectively. 

NaBH4 (99%, Sigma Aldrich) was used for catalyst reduction. 99.8% CO2 was used for buffering of 

the reaction media and 99.9% N2 was used to deaerate DI water to operate in anaerobic conditions.   

3.2. Synthesis of ZIF-67 

ZIF-67 was synthesized by mixing 0.291 g of Co(NO3)2*6H2O (1 mmol) with 0.66 g of 2-

methylimidazole (8 mmol) in methanol at room temperature [80]. The solution was stirred vigorously 

for 24 h. The precipitated product was separated by centrifugation at 8000 rpm for 6 min and washed 

with methanol three times. The solid product was dried to remove the solvent at room temperature 

under a vacuum overnight.  

3.3. Synthesis of Co@NC  

ZIF-derived Co@N-doped carbon composite material, Co@NC, was obtained by direct 

carbonization of ZIF-67 in a tube furnace at constant Ar flow. The following heating procedure was 

applied: first, heating to 100℃ with a ramping rate of 4℃/min and maintenance time of 2 h for the 

removal of moisture absorbed on the surface of ZIF and ensuring fully anaerobic conditions, then 

heating to 900℃ with a rate of 3℃/min for 4.4 h and maintaining this temperature for 3 h. After the 

tube furnace naturally cooled down, the obtained black powder (Co@NC) was dispersed in 0.1M HCl 
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at room temperature overnight to remove loosely attached Co nanoparticles on the surface. Finally, 

the material was washed two times by water and dried at 80℃.  

3.4. Synthesis of bimetallic catalysts 

Metallic catalysts were synthesized on the surface of Co@NC by the incipient-wetness co-

impregnation method [81]. First, 0.5 g of support material was added to 25 ml of DDIW and 

ultrasonicated for 6 min for uniform dispersion in suspension. Then, the required amount of metal 

salts was weighed by calculating the percentage (0.5 - 3.6%) out of support mass and dissolved in 15 

mL of water. Then, metal precursor solution was added dropwise to the Co@NC suspension under 

constant stirring. The solution was stirred for 2 hours to ensure all metal particles were attached to the 

surface. Afterward, the materials were washed two times with DI water and dried to remove moisture 

at 80℃ overnight.  

The flow diagram of catalyst synthesis is illustrated in Figure 1. 

 

Figure 1. Catalyst synthesis procedure 

3.5. Catalyst characterization procedure 

 Materials morphology and particle shape were identified by SEM (Zeiss Crossbeam 540, 

Germany). Before the analysis, all samples were coated by 5 nm Au layer for improved conductivity. 
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TEM (JEM 1400Plus, JEOL, Japan) at the accelerating voltage of 120 kV was used with samples 

dispersed beforehand in ethanol by ultrasonication and placed on carbon-coated copper grid followed 

by drying overnight. SEM/EDS (JSM-IT200, JEOL, Japan) was used to identify elemental distribution 

on the surface of prepared materials. XRD patterns were obtained by D2 SmartLab (Rigaku) 

equipment with graphite monochromatized Cu Kα radiation (λ=1.540598Å). The analysis mode was 

40kV & 50mA, where a scan rate was 0.05o/s in a 2θ range of 5-70o. The Simultaneous Thermal 

Analyzer (STA) 6000 (PerkinElmer) was used to analyse the thermal stability of materials from room 

temperature to 800 °C in the inert atmosphere under the heating rate of 5 °C min-1. FTIR spectrometer 

(NICOLET iS10, Thermo) with a Smart OMINI-Transmission Accessory was used for the analysis 

of functional groups present on the materials surfaces. The IR spectra (4000–400 cm-) were recorded 

at a resolution of 4 cm- by averaging 50 scans. The mixture of powders (mass ratio of KBr to sample 

was 1000:1) was transferred to a 7-mm pellet die, and the KBr pellet was analyzed after fabrication 

with a pellet press. Zetasizer Nano ZS (Malvern Panalytical, UK) was used to identify the zeta 

potential of materials after 24 h stirring in aqueous dispersant at initial pH values of 3.0; 5.0; 7.0; 9.0; 

11.0, and 13.0 that cover acidic, neutral, and basic conditions. To investigate the changes on catalyst 

surface after reaction, X-ray photoelectron spectroscopy (XPS) was performed before and after the 

reaction by NEXSA (Thermo Scientific) using a monochromated low-power Al Ka X-ray source of 

1486.6 eV. Samples were dried if needed and stored in anaerobic conditions prior to analysis. Metal 

leaching from the catalyst surface was identified by ICP-OES iCAP 6300 (Thermo Fisher Scientific, 

USA) for Cobalt and ICP-MS iCAP RQ (Thermo Fisher Scientific, USA) for Pt.  

3.6. Nitrate reduction kinetic experiments 

 Catalytic nitrate reduction was studied at room temperature and pressure in an anaerobic 

environment. The reaction environment was preliminarily prepared by purging 100 ml of DI water in 

a three-necked reactor with H2 to remove dissolved oxygen and saturate with hydrogen gas. Before 

the reaction started, the 0.25 g of catalyst was reduced by 0.1 M NaBH4 in deaerated deionized water. 

pH was stabilized by CO2 that was continuously supplied to the reactor. The reaction was initiated by 

adding nitrate salt stock solution to the reactor containing a reduced catalyst. The initial nitrate 

concentration was 60 mg/L NO3
-- N, corresponding to 272.7 mg/L of NO3

-. All kinetic experiments 

were performed for 60 minutes and in duplicates with standard deviation as indication of error. 

Samples were collected and filtered using a 0.2 µm membrane syringe filter. The 

concentrations of NO3
-, NO2

- and NH4
+ were measured at each sampling time. The filtered samples 
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were analyzed for NO3
- and NO2

- by ion chromatography 930 Compact IC Flex (Metrohm, 

Switzerland) with an anionic column (Metrosep A Supp 5 - 250/4.0). Ammonium product was 

identified by cationic column (Metrosep C 4 - 150/4.0).  

An ion chromatography method was prepared using 0, 0.5, 1, 5, 10, 15, 20, and 30 mg/L 

standards for NO3
-, NO2

-, NH4
+. Na+ was added to the ion chromatography method to distinguish 

ammonium from sodium peaks that appear close to each other on the chromatogram. Calibration 

curves used in all IC measurements are presented in Figures A1-A4. Nitrogen gas was calculated 

according to the mass balance, assuming that intermediate products were fully converted during the 

reaction. After the reaction, the catalyst was collected for surface characterization for characterization 

by XPS.   

Kinetic rate constants for nitrate removal were calculated using pseudo-first-order kinetics: 

ln (
𝐶

𝐶0
) = 𝑘1𝑡 (1) 

where C0 represents the initial concentration of NO3
—N, while C is the concentration at time t. First 

order kinetic rate constant is represented as k1 with the unit of min-1. 

Additionally, desorption experiments were designed in the following way to remove nitrogen 

species from the surface of the catalyst. After 60 min of nitrate reduction reaction, the catalyst was 

collected by centrifugation and washed 2 times with DI water. Then, the catalyst was treated with 0.01 

M HCl solution by vigorous stirring for 12 h. 

The NO3
- removal and byproduct selectivity was calculated by the following equations [82]: 
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The subscripts i and f represent the concentrations at the initial and final conditions, 

respectively, for each ion.  
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The effect of operating parameters was evaluated by fixing reaction conditions at a catalyst 

loading of 2.5 g/l, metal loading of 3.6%, contaminant concentration of 60 mg/l of NO3
—N, H2 flow, 

pH of ~5.8 maintained by CO2 flow, except for the varied condition. A durability and stability study 

was done in repeated reaction cycles where the catalyst was washed by DDIW after each reaction 

cycle and returned to the reactor without regeneration. While the catalyst was centrifuged and 

washed, fresh reactor media was prepared by N2 flow as before the first reaction. Cobalt and Platinum 

leaching from the catalyst’s surface was measured in each collected sample.  
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Chapter 4 – Results and Discussion 
4.1. Materials characterization 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used 

to examine the morphology and microstructure of the materials. Figure 2 shows SEM images at 20K 

and 50K magnifications to visualize morphological differences between ZIF-67, Co@NC, and Pt-

Co@NC. Figure 2(a-b) shows that ZIF-67 crystals have a cubic morphology with well-defined faces 

and sharp edges. The crystals are uniform, with the average size of about 240 nm. These results are 

consistent with previous reports, indicating successful synthesis of ZIF-67 [80], [83]. The 

carbonization process transforms the original zeolitic framework of the ZIF-67 into a more irregular 

carbon-based material, Co@NC, while maintaining its porous structure (Figure 2(d-e)). The particle 

size of Co@NC was decreased to 190 nm due to the decomposition and shrinkage during the 

annealing process, and its surface became rough. The morphology and size of ZIF-67 change when 

it is carbonized because the carbonization process involves the removal of the organic ligands that 

hold the metal ions together in the original ZIF-67 structure. These ligands are typically thermally 

unstable; at elevated temperatures, they decompose, resulting in structural collapse. The carbonized 

nanoparticles are densely packed, forming a mesoporous structure with a large surface area. 

Impregnation of Co@NC surface by Pt did not affect the material’s morphology. EDS elemental 

mapping in Figure 2(c) shows low Co weigh percentage on the material’s surface (27.85±1.29) in 

comparison to Figure 2(f), where more Co is exposed to the surface (52.4±1.33). Almost double 

increase in Co content on the surface is explained by the breakage of metal-organic links holding Co 

inside the ZIF-67 structure. Due to the thermal treatment, nitrogen content was not significant in 

carbonized materials.  Elemental mapping is resented in Figure A5. Pt was uniformly distributed on 

the Co@NC surface after impregnation and calcination, as seen from Figure A5(c), indicating 

successful catalyst synthesis. 



23 
 

 

Figure 2. SEM images of ZIF-67 (a-b), Co@NC (d-e), Pt-Co@NC (g-h); EDS elemental spectrum 

with quantitative distribution of ZIF-67 © Co@NC (f), and Pt-Co@NC (i). 

A TEM image of a ZIF-67 particle in Figure 3(a) shows a well-defined crystalline structure 

with a characteristic polyhedral shape. A carbonized material, Co@NC has a dark, amorphous region 

surrounded by a brighter halo in Figure 3(b). The dark region corresponds to the carbonized portion 

of the particle, while the brighter halo is attributed to the amorphous carbon coating that forms around 

the particle during carbonization. The shape of the carbonized particle remained similar to ZIF-67, 

although less defined. Pt-Co@NC has a smaller particle size and smoother edges due to calcination 

(Figure 3(c)). 
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Figure 3. TEM images of ZIF-67 (a), Co@NC (b), Pt-Co@NC (c). 

TGA analysis was performed to understand the thermal behaviour of ZIF-67 under 

carbonization. The TGA curve in Figure 4 shows a weight loss attributed to the structure's thermal 

decomposition of the organic ligands. This weight loss is observed as a steep drop in the TGA curve, 

occurring at a temperature of around 500 ℃. As the temperature increases, the slower weight loss 

continues without reaching a plateau, indicating the incomplete removal of the organic ligands. The 

TGA curve of Co@NC shows a weight loss due to removing residual organics and other impurities. 

This weight loss is observed as a gradual decrease starting at temperatures of 500 ℃.  

 

Figure 4. TGA analysis of ZIF-67 and Co@NC. 

Fourier transform infrared spectroscopy was used to identify synthesized materials' chemical 

compositions and structural characteristics. In Figure 5(a), ZIF-67 absorption bands confirm the 

successful synthesis of ZIF-67 and the presence of the expected chemical functional groups in the 

material [84], [85]. FTIR spectrum shows a signal at 425 cm−1 related to the Co–N stretching 

vibration due to the coordination between Co and the N atom of the organic linker. Absorption bands 
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at 693 cm-1 and 757 cm-1 correspond to the out-of-plane bending of the imidazole ring [85]. Two 

peaks at 992 and 1141 cm−1 are attributed to bending and stretching vibrations of the C-N bond in 

the aromatic ring. Aliphatic and aromatic C-H stretch of 1,3- diazole are seen from two bands detected 

at 2962 and 3136 cm−1, respectively [86]. The broad peak located at 3250-3600 cm-1 is ascribed to 

the vibration of O–H in the bonded water. The FTIR spectrum of Co@NC shows a significant 

reduction in the intensity and disappearance of some ZIF-67 characteristic bands. As mentioned 

previously, this is due to removing the organic ligands that held the metal ions together in the original 

ZIF-67 structure.  

The crystal structure of ZIF-67, Co@NC and Pt-Co@NC was studied by XRD analysis. XRD 

can provide information on the crystal structure of the original ZIF-67 material and the changes that 

occur during the carbonization and Pt doping process. In Figure 5(b), the ZIF-67 diffractogram shows 

sharp peaks indicating the material’s high crystallinity. All major peaks of ZIF-67 were indexed 

corresponding to the unit cell dimensions of the material. ZIF-67 XRD results are in excellent 

agreement with the literature [87]–[89]. During the carbonization process, the organic ligands in ZIF-

67 are decomposed, and the resulting material loses the crystallinity of ZIF-67 precursor. As a result, 

the XRD pattern of Co@NC does not show peaks corresponding to the ZIF-67 structure. This is due 

to the loss of the ordered crystal structure of ZIF-67 during the carbonization process that was seen 

on FTIR as well. The XRD pattern of Co@NC shows new peaks corresponding to cobalt metal.  

During pyrolysis, cobalt becomes incorporated into the carbon-based material, resulting in the 

appearance of cobalt peaks in the XRD pattern of carbonized ZIF-67. After Pt doping on the surface 

of Co@NC, XRD reveals additional peaks that were matched to the Pt.  

 

Figure 5. FTIR (a) and XRD (b) of ZIF-67, Co@NC and Pt-Co@NC. 
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Another important property of heterogeneous catalysts is their surface charge under various 

conditions. The change of zeta potential values over a wide pH range for Co@NC and Pt-Co@NC is 

shown in Figure 6. The results illustrate that the zeta potential of Co@NC decreases rapidly when 

the solution pH increased to 5 with some minor fluctuations up to pH 5-9, after which the surface is 

negatively charged. The point of zero charge for Co@NC was found to be pHpzc of 9.41. Impregnation 

of Co@NC surface by Pt shifted pHpzc to more neutral value of 7.14. The increased acidic properties 

of the catalyst surface reveal that the degree of protonation is significantly affected by Pt 

impregnation. At a pH lower than pzc, the material charges positively and adsorbs preferentially 

anions (NO3
- and NO2

-), while at higher pH values, the surface would attract positively charged ions 

(NH4
+). To enhance NO3

--N removal, it is desired to keep reaction media at pH values lower than 

pHpzc to promote the sorption of nitrate anions on the catalyst surface for further reduction.  

 

Figure 6. Zeta potential of Co@NC and Pt-Co@NC. 

4.2. Catalytic nitrate reduction by Pt-Co@NC 

Figure 7 shows the NO3
—N removal kinetics by different materials, including homogeneous 

reaction with NaBH4 and reduction by ZIF-67, Co@NC and Pt-Co@NC in the presence of H2 flow. 

The initial contaminant concentration is 60 mg/l of NO3
—N, corresponding to 265.6 mg/l of NO3

-, 

and the reducing agents loading is 2.5 g/L. Homogeneous reduction by 0.1 M NaBH4 or under H2 

flow without the addition of catalyst was insignificant, as well as with the addition of ZIF-67. 

Co@NC showed 7.23% of NO3
--N removal indicating that without metal impregnation, the system 

is not reactive enough. Non-reduced Pt-Co@NC did not show any sorption of nitrate. Pt-Co@NC 

demonstrates complete nitrate reduction under H2 flow in 30 min with pseudo-first-order kinetic rate 
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constant of 0.114 min-1 (R2=0.936) with 100% conversion to NH4
+-N. The mass balance showed 

97.18% of total nitrogen in bulk solution by the end of the reaction. After desorption for 24h with 0.1 

M HCl, an additional 1.12% of total N was recovered in the form of NH4
+-N and 0.5% as NO3

—N, 

summing up to 98.8% of nitrogen and 99.5% of NH4
+-N selectivity. The complete nitrate reduction 

profile with concentrations of NO3
--N, NO2

- -N, and NH4
+-N is shown in Figure 7(b). 

 

Figure 7. NO3--N removal in control tests, Co@NC, ZIF-67, Pt-Co@NC (a); and NO3--N 

reduction to NO2--N and NH4+-N by Pt-Co@NC (b). 

Although most of the nitrate reduction studies are focused on N2 selectivity, and NH4
+/ NH3 

selectivity is mostly achieved by electrochemical processes, Table 1 summarizes some of the 

previously reported results with high reactivity or NH4
+ selectivity to compare the results obtained in 

this study. 3.6%Pt-Co@NC is able to provide one of the fastest reactivities for nitrate removal with 

high NH4
+ selectivity in both low and high contaminant loadings.  
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Table 1. Reactivity and selectivity in different catalytic systems 

 

4.3. Evaluation of factors affecting nitrate reduction kinetics 

4.3.1. Effect of metals on the surface of Co@NC 

The selection of Pt-Co@NC was done based on the evaluation of different metals impregnated 

on the Co@NC surface. Figure 8 shows the reduction profiles by 3.6%wt metals, including Cu, Pt, 

Pd, Sn, Ru, Ni. Among all metals, Pt showed a complete reduction of NO3
—N, as discussed previously. 

Cu-Co@NC, Ni-Co@NC and Sn-Co@NC removed only 51.7%, 70.5% and 32.7% in 60 min, 

respectively. Ru-Co@NC showed a sorption-like profile, removing 32.7% of NO3
—N in the first 

minute without further changes in the nitrate concentration and showing 4.4% selectivity to NH4
+. 

Only 17.7% of total N was detected in bulk solution, while the mass balance was kept in all other 

reactions. Loss of N species in bulk could be due to conversion to N2 or sorption of products or 

reactants on the catalyst surface. The reactivity of metallic catalysts strongly depends on the type of 

Catalyst 

NO3
- 

concentration 

(mg/l) 

NO3
- 

removal 

(Time) 

k1 (x 10-2 

min-1) 

NH4
+ 

selectivity (%) 

Other 

experimental 

conditions 

Ref. 

3.6%Pt-

Co@NC 
265 

1.00 (30 

min) 
11.4 99.5  This work 

3.6%Pt-

Co@NC 
265 

1.00 (30 

min) 
14.6 76.6 Initial pH 3.0 This work 

3.6%Pt-

Co@NC 
22 

1.00 (5 

min) 
50.9 98.2  This work 

1.0%[Cu0.63-

Pd]@AC 
200 0.686 0.356 27.0 

Continuous up-

cocurrent flow 

reactor 

[90] 

2.2%Sn-

1.6%Pd@N-

Beta 

133 
0.98 (30 

min) 
19.09 0.192 

H2, CO2 flow 

Catalyst dose: 2.5 

g/L 

[91] 

1%Pd-

0.3%Cu@AC 
100 0.44 (5 h) - 

74.0 

 

H2+CO2 (1:1) gas 

flow (rate 200 

Ncm3 min-1) 

[92] 

1%Pt-

0.1%Cu@AC 
100 0.27 (5 h) - 0.79 

1%Rh-

0.3%Cu@AC 
100 0.9 (5 h) - 0.97 

1%Ir-

1%Cu@AC 
100 0.35 (5 h) - 0.89 

1%Pd-

1%Cu@TiO2 
100 1.00 (5 h)  0.83 

 [93] 1%Pd-

1%Cu@CNT-

TiO2 

100 1.00 (5 h)  0.34 

0.2%Pd-

4%Cu@Al 
142 1.00 (4 h) 1.87 0.885 

pH 4.0, no gas 

flow 

Catalyst dose: 

3.53 mmol/L 

[94] 

4%Cu@Al 142 1.00 (4 h) 2.88 99.9 
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metal, while selectivity to NH4
+-N was high for all cases except for Ru-Co@NC. Table 2 summarizes 

the kinetic results for different metallic catalysts. 

 

Figure 8. Nitrate reduction profiles for different metals doped on the surface of Co@NC. 

Table 2. Summary of kinetic results of nitrate reduction by different metals doped on the Co@NC 

surface. 

 Cu Pt Pd Sn Ru Ni 

𝑅𝑁𝑂3
−−𝑁(%) 51.7% 100.0% 91.6% 32.7% 84.3% 70.5% 

𝑆𝑁𝐻4
+−𝑁(%) 91.3% 99.5% 98.9% 90.2% 4.4% 86.6% 

𝑘1(𝑚𝑖𝑛−) 0.011 0.114 0.038 0.006 0.014 0.020 

𝑅2 0.743 0.937 0.982 0.449 0.136 0.999 

 

4.3.2. Effect of Pt loading on the Co@NC surface 

The loading of the metals can play a significant effect on catalytic performance affecting both 

the selectivity and reactivity of the catalyst [7]. Different studies show that an increase in noble and 

promoter metal loading demonstrates a volcano-shaped NO3
- reduction dependence [95]–[97]. An 

increase of Pt loading from 0.5% to 3.6% resulted in an increase in rate constant from 0.012 to 0.114 

min-1 in Figure 9.  
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Figure 9. Effect of Pt loading on the NO3
-- N removal. 

4.3.3. Effect of initial contaminant concentration 

Higher concentrations of NO3
- typically result in a lower removal rate due to less available 

active sites on catalyst surface. Lower nitrate concentrations, thus, result in faster removal rates. Pt-

Co@NC showed 54.3% reduction of 100 mg/l, but concentrations up to 60 mg/l were removed 

completely. An initial concentration of 5 mg/l was reduced in 5 minutes, while 15 mg/l removal was 

achieved in 15 min.  

 

Figure 10. Effect of initial contaminant concentration on NO3
-- N removal rate. 

4.3.4. Effect of catalyst loading 
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Higher catalyst loading offers more active sites for nitrate reduction leading to an enhanced 

NO3
—N removal rate [98]–[100]. In Figure 11, catalyst loading of 2.0 g/l resulted in 77% removal of 

NO3
--N, while 2.5 g/l provides full reduction of nitrate in 30 min. Further increase in catalyst loading 

resulted in higher kinetic rate constant of 0.241 min-1. NH4
+-N selectivity was independent of catalyst 

loading and maintained at 97.2-99.5% in all reactions showing a slight trend towards higher selectivity 

at higher catalyst loading. Catalyst loading significantly affected reactivity of the process without 

difference in product selectivity.  

 

Figure 11. Effect of catalyst loading on NO3
-- N removal rate. 

4.3.5. Effect of pH  

Kinetic experiments described in previous sections were performed under CO2 flow to 

maintain pH at ~5.6. However, the media’s pH significantly affects the reactivity and selectivity of 

the catalytic system. In Figure 12, the initial pH of the system was varied between 3-11 by adding 

HCl and NaOH solutions. At initial pH values up to 7, full NO3
—N removal was 100%, while at pH 

of 11, reactivity of 96.3% was observed. pHpzc of Pt-Co@NC, which was found to be at 7.14 is well 

agreement with these results, showing that affinity of NO3
- is one of the factors affecting the 

performance of catalytic system. From Table 3, the fastest nitrate reduction rate of 0.137 min-1 was 

observed at initial pH of 3, then pH 5 and 7 showed similar k1 value of 0.082 min-1 and, finally, at pH 

11 the rate was 0.053 min-1. In contrast to the reactions performed under constant CO2 flow, where 

mass balance was typically maintained at values higher than ~97%, total nitrogen was decreased in 

all reactions where only initial pH was adjusted. 
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Figure 12. The effect of initial pH on NO3
—N removal rate. 

Table 3. Summary of kinetic results of nitrate reduction by different initial pH values. 

pH 3 5 7 9 11 

𝑅𝑁𝑂3
−−𝑁(%) 100.0 100.0 100.0 98.13 96.28 

𝑆𝑁𝐻4
+−𝑁(%) 76.6 70.0 61.8 55.2 55.8 

𝑘1(𝑚𝑖𝑛−) 0.146 0.082 0.082 0.054 0.053 

𝑅2 0.964 0.978 0.978 0.922 0.928 

 

4.3. The surface analysis of Pt-Co@NC after nitrate reduction. 

To investigate the catalyst surface after reaction, XPS analysis was performed before and after 

reaction as shown in Figure 13. All the peaks were shifted in order to adjust C1s peak to 284.8 eV. 

Figure 13(a) shows two characteristic peaks at 783.4 and 798.1 eV with no shake-up satellites 

corresponding to the most primary cobalt species Co3O4 in unreduced catalyst. After reduction by 

NaBH4, Co2p1/2 and Co2p3/2 peaks were observed at 798.96 and 783.0 eV with satellite features at 

804.52 and 786.8 eV, respectively. This corresponds to the Co2. Moreover, there is an overlap with 

Co LMM Auger peak at 775 eV indicating the presence of Co0. After 1 h of NO3
- reduction, mixed 

oxidation state of Co2+ and Co3+ is observed. Pt4f region has well separated spin-orbit components. 

Difference between two peaks for metallic Pt form is 3.35eV, which is seen in Figure 13(h). Peaks in 
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the Pt4f region have an asymmetric peak shape for platinum metal. This indicates that after reaction 

with NO3-N, Pt keeps metallic Pt0 form. While Co oxidation states partially undergone changes during 

reaction from Co2+ to Co3+
, Pt oxidation state does not change, which agrees with mechanisms reported 

in literature, where noble metal does not participate in the redox reaction and remains in the metallic 

form [7]. Further study is required to suggest the mechanism of catalytic nitrate reduction by Pt-

Co@NC. 

 

Figure 13. XPS spectra of Co2p and Pt4f orbitals in fresh catalyst (a-b), catalyst after reduction 

by NaBH4 (c-d), and catalyst after NO3
—N reduction  
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4.4. Catalyst stability and durability 

An important parameter indicating the applicability of the catalyst is its durability and 

stability in successive reaction cycles. Pt-Co@NC catalyst was tested for NO3
--N reduction in three 

reaction cycles without regeneration of catalyst. No reactivation of catalyst by NaBH4 was done 

between reaction cycles. The results in Figure 14 show that 100% of NO3
--N reduction was observed 

in the first two cycles followed by the 96.5% reduction in the third one. The selectivity to NH4
+-N 

was 98.3%, 95.8% and 84.9% in all cycles. Reaction rate constant decreased as well. The loss of 

reactivity of the metallic catalysts is likely attributed to the formation of passivation layer due to 

interactions with H+ and water, exposure to oxygen during washing between reaction cycles, 

agglomeration of metals on the catalyst surface and leaching of metals to the reaction media [101]–

[103]. Leaching of Co was analyzed by ICP-OES in all cycles and have shown < 20 ppb indicating 

negligible Co release to the solution. Similarly, Pt was not detected in all samples indicating no metal 

leaching during first three cycles of catalytic reduction. 

 

Figure 14. Durability of Pt-Co@NC in repeated reaction cycles without catalyst regeneration. 
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Chapter 5 – Conclusion 
In this work, Pt-Co@NC catalyst derived by carbonization of ZIF-67 was applied to reduce 

NO3
- in aqueous media. The catalytic performance was analyzed under varied conditions. Compared 

to other catalysts reported in the literature, Pt-Co@NC showed competitiveness, demonstrating one 

of the highest rate constants for the reaction at similar conditions. Overall, the following conclusions 

could be made: 

1. Carbonization of ZIF-67 results in the loss of organic ligands exposing Co to the surface 

and a reduction in the particle size by approximately 1.2 times. XRD and FTIR confirmed 

the removal of the major organic functional groups. Impregnation of Pt on the surface of 

Co@NC led to a decrease on pHpzc from 9.41 to 7.14. The affinity to NO3
- at pH values 

below 7.14 are beneficial for nitrate reduction.  

2. Under H2
 and CO2 flow, Co@NC alone has not shown reactivity towards NO3

- removal, 

as well as ZIF-67 and homogeneous reduction by NaBH4. Addition of 3.6%wt Pt on the 

Co@NC surface resulted in enhanced reactivity (11.4x10-2 min-1) with the full reduction 

of 60 mg/L NO3
—N in 30 min. 99.5% of NH4

+ selectivity was observed after desorption. 

3. Pt showed the highest reactivity among different metals, while Pd-Co@NC removed 

91.6% of NO3
—N in 60 min. Generally, all metals showed NH4

+-N selectivity of  >86.6%, 

except for Ru, which demonstrated sorption behavior for nitrate removal. 

4. When Pt content increased from 0.5-3.6%, significant improvement in nitrate reduction 

was observed. An increase in catalyst loading also positively affected the reactivity of the 

system as well as the reduction in contaminant concentration. 

5. Evaluation of pH variations showed that at pH values lower than pHpzc
 100% of nitrate 

reduction is observed. Selectivity towards NH4
+-N decreased with an increase in pH. 

6. Durability and stability analysis of the catalyst in 3 successive reaction cycles without 

regeneration showed high catalyst durability. No significant cobalt leaching was observed 

during all reaction cycles.  

Finally, the ZIF-67-derived Co-containing catalyst with Pt impregnated on the surface showed 

an outstanding reactivity towards nitrate reduction. This is a promising catalyst to test under real-life 

applications. However, a more in-depth study of the reduction mechanism and role of Co should be 

performed and evaluation of the effect of other factors on system performance, such as ZIF-67 

carbonization temperature, CO2 and H2 flow variations, and use of different buffering systems. 
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Appendix 
 

 

Figure A 1. The structure of ZIF-8 and ZIF-67 [104]. 

 

Figure A 2. IC calibration curve for NO2
- in a range of 0-30 mg/l 

 

 

Figure A 3. IC calibration curve for NO3
- in a range of 0-30 mg/l 
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Figure A 4. IC calibration curve for NH4
+ in a range of 0-30 mg/l 

 

Figure A 5. IC calibration curve for Na+ in a range of 0-30 mg/l 
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Figure A 6. SEM-EDS Elemental mapping of ZIF-67 (a), Co@NC (b), and Pt-Co@NC (c). 

 


