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ABSTRACT 

Rare earth elements (REEs) have become a strategic resource extensively used in 

renewable energy technologies and modern electronic devices. Depletion of natural REE-

bearing mineral deposits has made selective recovery of REEs from alternative sources 

crucial in meeting the rising global demand. Among REEs, Europium (Eu) is relatively 

scarce in the Earth's crust compared to more abundant elements. The increasing demand 

for advanced electronics and technology has heightened the importance of europium. 

Given these factors, europium is considered critical, and its availability can impact 

various technological and industrial sectors, emphasizing the importance of secure and 

sustainable supply chains for this element. A previously reported method was used to 

synthesise a chromium-based metal-organic framework modified with N-

(phosphonomethyl) iminodiacetic acid (PMIDA) in this study to selectively recover Eu 

from chemically complex zinc ore leachate. The adsorbent was characterized and 

comprehensively examined for Eu uptake as a function of adsorbate concentration, 

contact time, and pH of the solution. Cr-MIL-PMIDA showed a maximum adsorption 

capacity of 69.14 mg/g at pH 5.5 while adsorption kinetics best fitted the pseudo-second-

order model. Furthermore, Cr-MIL-PMIDA showed exceptional selectivity (88%) toward 

Eu over competing transitional metal ions (Na, Mg, Al, Ca, Mn, Fe, Ni, Cu, Co, and Zn) 

found in the dissolved mine ore. A subsequent study was carried out to evaluate the 

efficiency of water recovery using low pressure Nano Filter (NF) from synthetic AMD 

and recovery of valuable metals from concentrated feed using novel adsorbents. NF 

filtration resulting in a steady flux of 15.5 L/m2h and 80% of water was recovered from 



xxiii 

 

synthetic AMD with over 95% solute rejection. Concentrated feed water was then used 

for selective recovery of valuable metals such as REE and Cu. 

While Cr-MIL-PMIDA exhibits excellent properties for selective recovery of REE, there 

are practical challenges associated with its production cost and potential susceptibility to 

chromium leaching, making it less attractive for mass applications. To address these 

challenges, a highly stable, cost-effective, novel SBA15-NH-PMIDA material was then 

synthesized for the first time following a two-step surface modification process using 3- 

aminopropyl triethoxysilane (APTES) and N-(phosphonomethyl) iminodiacetic acid 

(PMIDA) for selective recovery of Europium (Eu). Initial, single solute Eu adsorption 

tests revealed that SBA15-NH-PMIDA reached equilibrium within two hours and showed 

a maximum Langmuir adsorption capacity of 86.21 mg/g at optimum pH 4.8. Selective 

adsorption tests were carried out with real acid mine drainage (AMD) collected from an 

abandoned mining site in northern Norway. The novel adsorbent selectively recovered 

over 80% of Eu from pH-adjusted real AMD at an optimum dosage of 0.8g/l.  

A Direct contact membrane distillation (DCMD)/adsorption hybrid system was then 

developed by suspending granulated SBA15-NH-PMIDA in the feed tank to remediate 

pH adjusted AMD. DCMD system managed to recover 80% of clean water that can be 

reused for mining activities to reduce water stress, especially in arid regions. The system 

managed to concentrate Eu ions by over three folds to enable efficient selective recovery 

of Eu (over 90%), while uptake of other competing metals remained below 10%. 

Comprehensive chemical characterisation of pristine and spent adsorbents revealed that 

High selectivity of these two materials was due to the formation of strong Eu complexes 

with phosphonic and carboxyl functional groups. SBA15-NH-PMIDA managed to retain 
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over 90% of adsorption capacity over 10 regeneration cycles. The study revealed that, 

193.2 g of EuCl3 with 99% purity can be recovered by treating 1000 m3 of AMD. 

Additionally, clean water recovered from the membrane system can be re used in mining 

activities to reduce water stress in arid regions.  
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1 Introduction 

1.1 Background 

Advancement of industries has caused severe environmental pollution over the years. 

Acid mine drainage (AMD) is one such challenge that has caught global attention. Acid 

mine drainage is caused as a result of seepage of water through ore waste piles, exposed 

cuts, and sulphuric-rich soils (Naidu et al, 2019). The release of untreated AMD causes 

contamination of downstream water bodies as it is composed of dissolved heavy metals, 

sulphates, and high acidity. Hence, it will pose a severe threat to the functioning of 

ecosystems. Consumption of water consisting above pollutants will have negative 

impacts on the health of people and animals. Therefore, identifying an efficient and cost-

effective solution to treat AMD is of paramount importance (Naidu et al., 2019). 

Increasing cost of mining activities and stringent environmental regulations have made 

treatment of AMD an additional cost for the industry (Nordstrom, 2011). Hence, the 

interest on resource recovery from AMD has gained popularity within the industry. 

Exhaustion of natural resources have further increased the search for alternative sources 

for metal recovery (Gaikwad et al., 2009). 

Current acid mine drainage treatment focuses on pH correction and removal of 

contaminants before they are released into the environment. The cost of treatment is a 

major factor in deciding treatment options for mining sites. Even though passive 

treatment is comparatively cheap, stringent environmental policies require further 

purification before disposal. Hence advanced treatment methods are required which 

comes at a high cost. Reverse osmosis, nanofiltration, and membrane distillation are some 
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active treatment methods that are available in the market. However, the need for pre 

filtration and high cost of replcement of membranes makes it unattractive for the mining 

industry. Hence, there is a need for resource recovery from AMD with the aim of off 

setting atleast a portion of the cost of treatment to make it viable for the industry.  

The global demand for Rare Earth elements is rapidly increasing. Market research reports 

show that the market size of REE stood at 2.8 billion USD in 2018. It is expected that it 

will have a continuous annual growth rate of 10.4% from 2019 to 2025 (Research, 2019).  

Hence resource recovery from AMD has the potential to become a financially viable 

investment in the future which will simultaneously help reduce environmental impact. 

There are several methods that have been analysed for recovery of REE from Acid Mine 

Drainage. Precipitation, adsorption, ion exchange and liquid-liquid extraction are some 

of the more promising methods found in literature (Anastopoulos et al., 2016; T. Chen et 

al., 2014; Felipe et al., 2020; Motsi et al., 2009; Sampaio et al., 2009). Membrane 

separation methods such as Reverse Osmosis, nano filtration and membrane distillation 

were also used to pre concentrate REE (Ambiado et al., 2016). Among these methods, 

adsorption was found to be the most effective and simplest method for recovery of REE 

and heavy metals from Acid mine drainage (Anastopoulos et al., 2016). Among the 

promising adsorbents found in literature Nano carbon shells (Xiaoqi et al., 2016), Nano 

based magnetic particles (Zhang et al., 2016), metal organic frameworks (Lee et al., 2018) 

and silica composites (Y. Hu et al., 2017; Zheng et al., 2015) and biosorbents (Das & 

Das, 2013) found to be the most efficient in removing REE from aqueous solutions.  

Major drawback of existing technologies is the high cost and poor regeneration capacity, 

which prevents this to be implemented in actual mining sites (Lèbre et al., 2017). Hence 
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there exist a research gap for the identification of low cost adsorbents which are highly 

efficient, easily sourced and high regeneration capacity to be introduced to the mining 

industry. Gadolinium, Europium, and Copper are valuable metals that are often targeted 

for recovery from waste streams due to their economic significance and potential for 

reuse. Efforts to recover these valuable metals from waste align with principles of 

resource conservation, environmental sustainability, and the circular economy. Recycling 

these metals not only reduces the demand for new mining but also minimizes the 

environmental impact associated with the extraction and processing of primary raw 

materials. 

 

1.2 Research Objectives 

Overall aim of this research is selective recovery of valuable metals such as rare earth 

elements (REE) and Copper (Cu) while recycling clean water from mining wastewaters. 

Following are specific objectives of the research 

• Selective recovery of europium (Eu) from dissolved Zn mine ore using 

functionalized Chromium based metal Organic Frameworks.  

• Analyzing the use of  low pressure Nano filtration for acid mine drainage 

remediation through recovery of clean water and concentrating valuable metals 

(Eu, Gd and Cu) for selective uptake on modified adsorbents using a sequential 

adsorption process 

• Granulation Cr-MIL-PMIDA for the first time for continuous recovery of 

europium (Eu) from concentrated mining wastewater for industrial application of 
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resource recovery.  

• Synthesis and characterization of a novel modified mesoporous silica (SBA15-

NH-PMIDA) material for for selective recovery of Eu from real mining 

wastewater. 

• Designing of a Direct contact membrane distillation (DCMD)/adsorption hybrid 

system using granulated SBA15-NH-PMIDA for simultaneous water recovery 

and selective Eu adsorption 

 

1.3 Significance 

• Acid mine drainage (AMD) is highly acidic and contains toxic metals and 

metalloids, which can contaminate water bodies and soil, leading to severe 

environmental degradation. Researching remediation methods is essential to 

reduce the impact of AMD on ecosystems and protect biodiversity. Following 

points highlights the significance of this research. 

 

• AMD contains valuable metals, including rare earth elements (REEs). Recovering 

these valuable resources from waste streams helps in reducing dependence on 

primary mining, conserving natural resources, and supporting a circular economy. 

Recovery of valuable metals from AMD can also lead to economic benefits by 

turning waste into a valuable resource. This promotes the concept of "by-product 

economics" and generates revenue from waste streams. 
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• AMD remediation and resource recovery aligns with sustainable mining practices. 

It encourages responsible mining activities that focus on environmental 

protection, waste reduction, and resource conservation. Research outcomes of this 

study enhances the understanding of adsorption mechanisms, membrane 

filtration, and metal recovery processes for AMD treatment. 

 

1.4 Structure of thesis 

The structure of this thesis is given below. 

Chapter 2: A comprehensive review on the importance of acid mine drainage (AMD) 

treatment, review on novel adsorbents for REE recovery including metal organic 

frameworks and mesoporous silica materials, review on the use of membrane 

processes for water recovery and concentration of valuable metals are discussed 

in this chapter. 

Chapter 3: Experimental methods used for adsorbent synthesis, preparation of synthetic 

AMD, material characterization and setting up of bench scale membrane systems 

are presented in this chapter. 

Chapter 4: This chapter describes the work done on the synthesis of use of chromium 

based metal organic frameworks, Cr-MIL-PMIDA for selective Eu recovery from 

Zn mine ore leachate 
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Chapter 5: Granulation process of Cr-MIL-PMIDA followed by continuous adsorption 

experiments for Eu adsorption in a fixed bed column filter  is discussed in this 

chapter. 

Chapter 6: This chapter focuses on the use of low-pressure nano filtration for water 

recovery and concentration of valuable metals (Eu, Gd, Cu) in synthetic AMD. 

Further studies on the use of Cr-MIL-PMIDA and SBA15-NH2 for selective 

adsorption of REE and Cu adsorption respectively are discussed here. 

Chapter 7: Synthesis and characterization of a novel adsorbent, SBA15-NH-PMIDA for 

selective Eu recovery from real mining waste water is presented in this chapter. 

Chapter 8: This chapter presents the work carried out on the optimization of  membrane 

distillation/adsorption system for selective Eu recovery. This chapter also 

provides a cost benefit analysis on the use of this novel adsorbent. 

Chapter 9:  Conclusion and recommendation for future studies are presented in this 

chapter. 
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CHAPTER 2 

 

 

 

LITERATURE REVIEW 

 

 

 

 

 

*This chapter is based on the following published book chapter: 

Fonseka, C.; Ryu, S.; Naidu, G.;  Kandasamy, J.;  Ratnaweera, H.; Vigneswaran, S., 13 

- Metal-organic frameworks for recovery of valuable elements. In Nano-Enabled 

Technologies for Water Remediation, Kaleekkal, N. J.; Mural, P. K. S.; Vigneswaran, S., 

Eds. Elsevier: 2022; pp 377-392. https://doi.org/10.1016/B978-0-323-85445-0.00016-3 
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2 Introduction 

Acid mine drainage, which is caused by seepage of water through ore waste piles, exposed 

earth cuts and sulphuric rich soil is a major environment concern for countries which have 

abandoned or active mining sites (Naidu et al., 2019). The release of untreated acid mine 

drainage (AMD) causes irreversible contamination downstream which effects both flora 

and fauna. Apart from high acidity, AMD contains high concentrations of heavy metals, 

rare earth elements and sulphates (Akcil & Koldas, 2006). Hence AMD pollution has the 

potential to cause severe threat to healthy functioning of ecosystems surrounding water 

sources. Consequently, accumulation of heavy metals and rare earth elements in the food 

chain and pose health concerns for humans as well. Hence, identifying efficient and cost 

effective AMD treatment method is of paramount importance (Naidu et al., 2019).  

 

 

 

 

 

Figure 2.1: (a) Active mining site and (b) pollution caused downstream due to AMD 

The group Rare earth elements (REE) comprise of 17 chemical elements in the periodic 

table. Which includes  15 lanthanides, yttrium and scandium (Ambaye et al., 2020a). 

According to Ramos et al. (2016), rare earth elements occur abundantly in the earth’s 

crust. The concentration of REE in AMD is found to be higher than that of surface water 

(a) (b) 
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bodies (Balaram, 2019; Felipe et al., 2020). With increased mining activities around the 

globe, the probability of contamination of surface and ground waters with REE is 

increasing. Accumulation of REE in plants and animals increases the potential of severe 

environmental and health impacts.  Recent studies conducted by Pagano et al. (2015) and 

Rim (2016) shows that exposure of REE to humans can cause severe health impacts such 

as growth inhibition, organ specific toxicity and cytogenetic effects. Even though minute 

concentrations of REE is not harmful for functioning of species, elevated concentrations 

have reported to be toxic (Earle A. Ripley, 1995). This underlines the importance of 

treating AMD prior to releasing to the environment.  

Increasing cost of mining activities and stringent environment regulations have made 

treatment of AMD an additional cost (Nordstrom, 2011). Chemical precipitation using 

lime is the widely used treatment method in practice (Kalin et al., 2006). Lime dosing 

produces excess sludge which requires periodic disposal and can lead to formation of 

secondary wastes. Furthermore, leaching of toxic elements to groundwater causes serious 

health concerns (Potgieter-Vermaak et al., 2006)  Thus, identifying a sustainable and 

economically viable treatment method is essential to popularize AMD treatment within 

the mining industry. Resource recovery from AMD has long been considered a viable 

approach to offset cost of treatment and meet the demand for scarce metals in the 

international market (Naidu et al., 2019; Nordstrom et al., 2017).  

The demand for rare earth elements in the global market has increased over the past 

decade (Research, 2019). According to Naidu et al. (2019) and Anastopoulos et al. (2016) 

over 90% of the global REE demand is supplied by China. Due to recent trade restrictions 

imposed by China over exports of REE, the global market is facing a severe shortage of 
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supply (Ioannis Anastopoulos et al., 2016). The European Commission included REE in 

the list of critical raw materials due to its high economic importance and low availability 

(Commission, 2014, 2017). United States of America included REE in their list of 35 

critical minerals in 2018 (Interior, 2018). REE are used in the manufacturing processes 

of optical fibres, super magnets, super conductors, aerospace alloys etc (Hatch, 2012).  

Hence recovery of REE from waste such as AMD not only benefits the environment, it 

serves financial benefits as well.  

 

Figure 2.2: Economic importance and supply risk of critical minerals 

The classification of REE into light Rare Earth Elements (LREE) and heavy Rare Earth 

Elements (HREE) is based on their atomic numbers, but it's important to note that the 

properties of individual elements within each group can vary. The rare earth elements, as 

a group, are critical in various technological applications, including electronics, 

renewable energy technologies, and defense systems. HREE are less abundant in the 

Earth's crust compared to LREE, and they often possess unique properties that make them 
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valuable in certain high-tech applications. This gives HREE higher economic importance 

as shown in figure 2.2. 

 Chemical precipitation, ion exchange, solvent extraction and adsorption are among the 

more promising methods proposed for REE recovery (I. Anastopoulos et al., 2016; W. 

Chen et al., 2014; Felipe et al., 2020; Motsi et al., 2009; Sampaio et al., 2009). According 

to Ambiado et al. (2016), membrane distillation and reverse osmosis methods are applied 

to pre concentrate AMD prior to selective recovery of REE. Among these methods, 

Adsorption was found to be the most effective Nano carbon shells, Nano magnetic 

particles, modified silica composites and bio sorbents are found to be efficient adsorbents 

in removing REE from aqueous media (Das & Das, 2013; Y. Hu et al., 2017; Xiaoqi et 

al., 2016; Zhang et al., 2016; Zheng et al., 2015). Even though the removal efficiency of 

these material are high, increased cost and low regeneration capacity is a barrier for 

implementing these technologies in practice (Lèbre et al., 2017). Hence, there is a need 

for development of adsorbents which are low cost, easily sourced and with high 

adsorption and regeneration capacity for selective recovery of REE from AMD. This will 

enable wide use of the technology and help create a circular economy for rare earth 

elements in the international market. 

Technologies for industrial wastewater remediation is evolving rapidly to meet rising 

demand for clean water. Metal organic Frameworks (MOF), a group of new age material 

is extensively explored for resource recovery from wastewater owing to its high stability 

and accessible functionalities. This chapter discusses the use of different functionalized 

MOF for selective recovery of valuable metals from industrial wastewater. The role of 

functional groups on increasing selectivity towards targeted metals have been analysed. 
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The chapter also provides development on recovery of rare earth elements (REE) using 

MOF/mesoporous silica and the role of membrane technologies in recovering water from 

AMD and concentrating valuable metals for subsequent recovery. Finally, conclusions on 

future scope in applying membrane/adsorption systems in industrial scale has been 

discussed. 

2.1 Acid mine drainage 

Advancement of industries has caused severe environmental pollution over the years. The 

release of untreated industrial waste causes contamination to downstream water bodies as 

it is composed of dissolved heavy metals, sulphates and high acidity. It poses a severe 

threat to the functioning of ecosystems. Consumption of water including these pollutants 

will have negative impacts on the health of people and animals.  

Primary Acid mine drainage (AMD) is formed when oxygen, water and pyrite in exposed 

rocks in mining sites react to form highly acidic water (Akcil & Koldas, 2006). Oxidation 

of pyrite results in the formation of dissolved sulphate, dissolved iron and H+. The release 

of H+ to water increases the acidity of AMD. Fe2+ that is dissolved in water, can further 

undergo an oxidation due to the presence of Oxygen and microbial activity under 

favourable pH conditions and form ferric hydroxide precipitate (Akcil & Koldas, 2006; 

Simate & Ndlovu, 2014). The stability of the ferric hydroxide precipitate depends on the 

pH of the solution. It has been found that ferric hydroxide is not stable in conditions where 

the pH is below 2 (Dold, 2013). In such circumstances, Fe3+ remains in dissolved form 

and it acts as a oxidizing agent for oxidation of pyrite which is contact with the solution 
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(Akcil & Koldas, 2006). This chain of reaction continuous until the pyrite is exhausted 

from the open cuts in mining sites. 

Saha and Sinha (2018) have mentioned that the above phenomenon is more prevalent in 

abandoned mining sites than in active mines. Water level in active mines are controlled 

in contrary to abandoned mines. Hence open cuts in abandoned sites are prone for 

accelerated AMD formation. McCarthy (2011) mentions that pH of AMD varies between 

2 and 3. The primary concern of AMD is the contamination of downstream water bodies 

with high acidity and high concentrations of dissolved metals (McCarthy, 2011). Hence 

environment authorities across the globe have imposed stringent regulations on disposal 

of AMD to the environment (Akcil & Koldas, 2006). This raises the need for sustainable 

AMD treatment technologies which are both efficient and financially viable.   

Acid mine drainage incur high economical costs for the operation of mining sites. 

Discharge of untreated AMD can cost millions of dollars in remediation work. World’s 

largest mining countries such as United States of America and China spend large amounts 

of money for treatment processes. Naidu et al (2019) mentions that 32 – 72 Billion USD 

are spent by the four major mining countries in the world. IN Australia, most mining sites 

are medium in terms of size. Studies have shown that operation cost of a mining site in 

Australia in the region of 50 million AUD (Cozzolino et al., 2017). This highlights the 

high costs incurred in operation and maintenance of mining sites. It was also found that 

treatment or remediation of abandoned mining sites is higher than that of a site in 

operation (Akcil & Koldas, 2006). Hence it is important to implement AMD treatment 

methods at the operation stage to prevent environment impacts and high remediation 

costs. 
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2.2 Chemical composition of AMD 

Pyrite oxidation is the primary reaction that generates AMD. Due to high acidity, leaching 

of adjacent rocks causes additional metals to dissolve in water (F. Zhao et al., 2007). Fe 

and Al are two commonly found metals in AMD waters (Nordstrom, 2011; Simate & 

Ndlovu, 2014). The behaviour of heavy metals in AMD has been studied thoroughly 

while there are limited data on the concentrations of REE in AMD. This can be attributed 

to less toxicity of REE compared to heavy metals. Yet, recent studies have proved that 

high concentrations of REE in water can cause significant health concerns for humans 

and animals (Rim, 2016).  Table 2.1 summarises concentrations of trace elements found 

in acid mine drainage across the globe.  
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Table 2.1: pH, Sulphate, Fe, Mn, Zn, Cu and Al concentrations (mg/l) of AMD. 

Data Sourced from past studies 

Country Location pH SO4 Fe Mn Zn Cu Al Reference 

Spain Odiel River 3.07 1204 23.47 13.7 24.2 7.6 NR 

(Sánchez 

España et al., 

2005) 

Australia Open pit, Mount Morgan 2.7 13600 253 71.28 21.97 44.54 780 
(Edraki et al., 

2005) 

Portugal S. Domingos mine 2.4 3100 497 NR 107 49 NR 
(Abreu et al., 

2011) 

USA Berkeley Pit mine water 2.7 2400 514 223 630 223 293 

(Davis & 

Ashenberg, 

1989) 

Spain Iberian Pyrite Belt 3.2 7884 672 35 64 15 72 
(López et al., 

2008) 

Australia Mount Bischoff 2.3 720 810 NR 12 2.7 NR 
(Gault et al., 

2005) 

Slovakia Smolnik 3.8 2938 405.25 35.5 12 8.38 108.38 
(Singovszka 

et al., 2020) 

Japan East Japan 2.8 NR 6.58 NR 9.86 4.05 NR 
(Tsuji et al., 

2019) 

South Korea Daduk creek 3.3 1940 45 41 38 NR 18 
(Lee & Chon, 

2006) 

India Tikak, Makum Coalfield 2.4 3615 255.6 18.2 5.04 1.38 34.6 
(Azad & 

Nesa, 2008) 
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Australia Virginia, Queensland 2.6 1527 162 2.03 2.72 0.08 80.8 

(Vicente-

Beckett et al., 

2016) 

Brazil Lauro muller, Catarina 2.71 2520 1703 42 11.2 NR 71 
(Silva et al., 

2011) 

Cuba Santa Lucia mine 2.6 2589 253 21.3 165 0.028 4.82 
(Romero et 

al., 2010) 

Spain Almonaster la Real 3.08 3640 358 19 388 10 117 
(Caraballo et 

al., 2009) 

Spain Esperanza creek 2.66 3919.5 927.5 5 26 18 147.5 
(Caraballo et 

al., 2009) 

Spain Monte Romero 3 3430 275 18 440 5 100 
(Macías et al., 

2012) 

USA Williams Brothers Mines 3.9 100.67 4.6 1.23 0.13 0.07 NR 
(Clyde et al., 

2016) 

(NR – Not Recorded) 

 

The above table confirms the pH of AMD varies from 2 to 4 and it is influenced by the 

concentration of sulphates in water. The average concentration of Fe is recorded to be 

421.47 mg/l while the concentration of Al is 152.26 mg/l. The dissolved concentrations 

of heavy metals can therefore be ranked as Fe > Al > Zn > Mn > Cu.  

Studies on REE concentrations in AMD are scarce due to low toxicity compared to heavy 

metals. With the increased interest in REE recovery, AMD has been further analysed to 

study the concentrations of REE in AMD (Nordstrom et al., 2017).  According to the 
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summary provided in table 2.2, concentrations of REE in AMD is low compared to the 

presence of heavy metals. 

The average Concentration of total REE in AMD is recorded to be 2.169 mg/l, which is 

low compared to concentrations of Fe and Al. Hence the behaviour of REE in AMD is 

controlled by metals such as Fe, Al and Zn (Lei et al., 2008). Figure 2.3 provides the 

concertation of individual Rare earth elements present in AMD. 

Figure 2.3: Average concentrations of REE in AMD based on data presented in table 2
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Country Location pH La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
Total  

REE 
Reference 

India Jaintia Hills 3.0 91.8 284.9 38.4 121.0 38.4 9.1 44.2 7.3 34.4 8.8 15.7 3.6 13.2 3.4 714.7 
(Sahoo et al., 

2012) 

China Sitai Coal Mine 3.6 7.7 19.3 2.7 12.9 2.9 0.8 3.7 0.7 4.0 0.8 2.4 0.3 1.9 0.3 61.2 
(F. Zhao et al., 

2007) 

Brazil Osamu Utsumi Mine 4.4 567.0 124.0 0.0 250.0 28.5 7.7 22.6 0.0 23.2 5.2 12.2 0.0 5.5 0.5 1046.7 
(Miekeley et 

al., 1992) 

Italy Metalliferous Hills 3.1 185.0 389.5 45.7 172.2 34.8 8.6 40.1 5.0 23.6 4.1 10.5 1.2 7.0 0.9 928.83 

(Protano & 

Riccobono, 

2002) 

USA West Virginia 4.2 11.4 41.5 7.0 39.1 13.9 3.9 19.2 3.0 16.5 2.9 7.7 1.2 5.5 1.0 174.39 
(Vass et al., 

2019) 

Table 2.2: Concentrations of REE in AMD 
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Spain Huelva Estuary 1.6 1780 4480 590.0 2580 614.0 65.4 554.0 54.7 253.0 37.2 85.9 10.2 61.7 7.6 11173 

(K. L. 

Lecomte et al., 

2017) 

Spain Odiel River 4.5 331.2 977.2 120.2 545.4 137.3 25.4 152.9 21.1 110.3 19.5 48.0 5.8 33.7 4.6 2532.9 
(Olías et al., 

2018) 

Australia Lake Tyrell, Victoria 3.7 90.0 279.2 39.5 153.0 31.9 7.9 50.2 5.4 40.5 4.6 13.7 1.8 6.9 0.7 725.7 
(Fee et al., 

1992) 
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pH and REE concentrations of several mining sites across the globe has been summarised 

in table 2.2. According to the data, Ce (693.63 µg/l) is the prominent REE present in 

AMD followed by Nd (394.23 µg/l) and La (268.11 µg/l). The total REE concentration 

varies from 61.21 µg/l to 11.17 mg/l. According to Lecomte et al. (2017), concentration 

of dissolved REE is inversely proportional to the pH of AMD. Low pH waters accelerate 

the weathering of rocks resulting in higher concentrations of dissolved metals. Several 

studies have shown that Sulphate complexes are the most prominent form of speciation 

present in AMD (Olías et al., 2018; F. Zhao et al., 2007). Sulphate complexes of REE 

accounts to more than 60% of dissolved concentration while Ln3+ cation form is prevalent 

20% - 40% (F. Zhao et al., 2007). The results in figure 2.3 clearly highlights that Light 

REE (LREE) concentration is greater compared to heavy REE (Dutta et al.). This can be 

attributed to the tendency of LREE to remain dissolved sulphate form during Fe 

hydroxide precipitation (Olías et al., 2018). HREE is favoured to form carbonates and 

remain in precipitate form during this stage. Olías et al. (2018) states the above 

phenomenon coupled with hydro geochemical behavioural differences are the reasons 

behind the contrast difference in concentrations between HREE and LREE.  

Untreated AMD releases significant concentrations of REE to natural water bodies 

resulting in a health risk to animals and humans. Even though increase of pH in 

downstream water bodies shifts the predominant form of presence from dissolved to 

particulate, complexation of HREE with carbonates causes them to remain soluble in 

water (F. Zhao et al., 2007). Hence, the toxicity of AMD contaminated water remains 

high. According to Gonzalez et al. (2014), presence of other trace metals such as Al, Cd 
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and As overshadows the eco toxicity of REE. Hence removing REE from AMD is 

essential to keep water bodies safe.  

 

2.3 Importance of recovering REE from mining wastewater 

The scarcity of natural resources is less determined by global reserves, and more by the 

uncertainty in international trade which impacts supply and demand (Blengini et al., 

2017). In 2009, China produced 97% of global REE supply highlighting the unequal 

distribution of natural resources (Hennebel et al., 2015). There are many emerging 

technologies that depend heavily on the availability of valuable metals. Solar panels 

require metals such as Arsenic (Ar), Gallium (Ga), Indium (In) and wind turbine 

components are developed using Aluminium and REE (Xu et al., 2018; Yang et al., 2017). 

Furthermore, increased production of rechargeable batteries which supports growth of 

renewable energy sources rely on critical commodities such as Lithium (Li), Cobalt (Co) 

and REE (Olivetti et al., 2017). This growing demand has led to the focus on developing 

technologies to recover valuable metals from secondary waste sources. Among secondary 

waste sources, e-waste (Tan & Li, 2019), batteries (Chen et al., 2015), acid mine drainage 

(AMD) (Naidu et al., 2019) and ore process waste (Borra et al., 2016a) have been 

extensively explored for feasible recovery of valuable metals. Hydrometallurgy (H. Li et 

al., 2018) and precipitation (Huang et al., 2016) are two conventionally explored methods 

for selective recovery of metals where low purity is found to be a concern (Ambaye et 

al., 2020b). Ionic liquid (Wongsawa et al., 2020) is another promising technology, but 

recycling of secondary pollutants should be managed prior to upscaling. In this regard, 
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adsorption is considered to be an efficient method for selectively recovering targeted 

metals (Callura et al., 2018). However, conventional adsorbents such as activated carbon, 

alumina and zeolite show limited selectivity. Hence fine tuning the adsorption mechanism 

of the material by grafting beneficial organic ligands is crucial for efficient recovery. 

Metal organic frameworks (MOFs), a new age material, is promising in this regard, as it 

offers extraordinarily high surface area with flexibility of manipulating its pore geometry, 

size and functionality for attaining high selectivity for specific metals. 

 

MOF was first reported in 1950s and later became popular in 1990s, especially in the 

field of gas adsorption. MOF is a type of nano material made with metal ions linked 

together by organic ligands. In the recent past, the use of MOF for recovery of valuable 

metals from waste sources has been extensively studied. MOF is capable of being 

manufactured at large scale with physiochemical properties that can be modified with 

functional groups for specific applications. Hence there exist an opportunity to 

incorporate MOF with efficient membrane technology to recover clean water and 

valuable metals. This chapter focuses on the use of MOF for recovery of REE and other 

valuable metals from industrial wastewater. Furthermore, an analysis on different 

functionalized MOF for selective recovery of valuable metals and scope for future 

application are discussed.  

2.4 AMD Remediation technologies 

AMD remediation technologies can be broadly categorized as active treatment and 

passive treatment methods (Saha & Sinha, 2018). Passive treatment approach is aimed at 
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improving the water quality using natural processes. Constructed wetlands is a widely 

used passive treatment method due low cost of operation (Clyde et al., 2016). Aerobic 

wetland is one of the simplest form of passive treatment method which uses shallow 

ponds to facilitate the oxidation of Fe. Precipitates settle at the bottom of the pond and 

they undergo further degradation through microbial processes. Anaerobic wetlands can 

be used to remove sulphates from AMD while open limestone channels can precipitate 

heavy metals. 

Active treatment methods include chemical precipitation, aeration, microbial processes, 

adsorption, ion exchange and filtration. Filtration technologies include nano filtration, 

reverse osmosis and membrane distillation. Active treatment technologies depend on the 

use of external energy or resources to remove REE from AMD. From the above 

technologies, chemical precipitation (or Neutralization) is the widely used treatment 

method due to its simplicity in application (Akcil & Koldas, 2006). Due to high 

availability and low cost, limestone is widely used as the neutralizer. According to Saha 

and Sinha (2018), the aim is to increase pH of AMD and facilitate the formation of metal 

hydroxides. The precipitates can then be separated by gravity or by filtration methods. 

Accumulation of sludge is a major concern in this treatment approach. Disposal of 

unmanaged sludge has the potential to pose secondary soil contamination that will have 

adverse effects on groundwater sources.  

Filtration technologies such as nano filtration and reverse osmosis have gained popularity 

in treating AMD, especially in arid regions. These filtration methods have the capacity to 

produce drinking water from waste, providing a valuable resource for people in dry lands. 

The major concern of this technology is the high operating cost. High concentration 
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contaminants of AMD increases the possibility of membrane fouling and the frequency 

of membrane replacement making the maintenance cost high (Zhong et al., 2007b). Akcil 

and Koldas (2006) has mentioned that application of pre-treatment methods can prolong 

the life time of the membrane. The major drawback of this technology is the high 

percentage of reject water. Reject water contains high concentrations of sulphates and 

metals which require further treatment prior to discharge. Hence this technology is 

preferred as the last step of a treatment process to limit the generation of reject water.  

Ion exchange is a technology based on the principle of exchange of ions between an inert 

solid medium and a liquid (Saha & Sinha, 2018). The inert solid medium consists of 

functional groups which can be charged with monovalent ions such as Na or H. Feng et 

al. (2000) mentioned that the ion exchange process has a recovery rate of 98% with an 

estimated operational cost of 0.4 $/m3. This technology is widely used for treatment of 

ground water to remove Ca and Mg.  

Adsorption is another technology which is widely used to remove contaminants from 

water. The advantage of adsorption over other technologies is its ability to selectively 

remove contaminants with modifications to the adsorbent (Xiaoqi et al., 2016). There are 

several studies that demonstrate the adsorption capacity of heavy metals and REE 

(Ioannis Anastopoulos et al., 2016; Motsi et al., 2009; Xiaoqi et al., 2016). The ability to 

selectively remove trace elements from aqueous solutions enables recovery of valuable 

resources from waste streams. This not only helps fill the demand for valuable resources 

in the market, it generates income from waste treatment that could offset at least part of 

the AMD treatment cost (Akcil & Koldas, 2006). Identifying adsorbents with high 
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selectivity that targets elements and with high adsorption capacity will benefit the mining 

industry by being able to recover resources from mining waste water.  

2.5 Membrane technologies for AMD treatment 

This section of the review aims to delve into the current state of membrane processes in 

AMD treatment, examining the challenges, ongoing research efforts, and potential 

strategies for their successful integration into the industry. 

High cost and fouling issues associated with membrane technologies have limited their 

widespread application in AMD treatment (López et al., 2021). Membrane processes 

involve the use of semipermeable barriers to separate contaminants from water. 

Microfiltration, ultrafiltration, nanofiltration, and reverse osmosis are the main types of 

membranes used for AMD treatment (Agboola, 2019a). These technologies can 

effectively remove suspended solids, colloids, and heavy metals while producing clean 

water fit for reuse or safe discharge. Reverse osmosis and nano filtration have gained 

interest among researchers for AMD treatment due to high salt rejection (Kefeni et al., 

2017). However, pre treatment is necessary to remove suspended solids before to reduce 

risk of membrane fouling or damage. AMD first undergo pH correction to precipitate 

scaling agents such Ca and Mg. Typically this step is followed by sedimentation and 

micro filtration to remove most of suspended solids (Bwapwa, 2018). Different types of 

membrane separation processes are used in the industry to treat industrial waste. Pressure 

driven membrane processes such as reverse osmosis (RO), nano filtration (NF), ultra 

filtration (UF) and micro filtration (MF) are the most common technologies adopted in 

the industry (Agboola, 2019a). Semi-permeable membrane acts as a barrier, allowing the 
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passage of water molecules while blocking larger particles, such as suspended solids, 

colloids, and heavy metal ions. Membrane's pore size determines the size of particles it 

can retain, making it an effective tool for removing various contaminants present in 

AMD. 

Microfiltration (MF) membranes have a relatively large pore size, typically in the range 

of 0.1 to 10 micrometres. They are effective in removing suspended solids, large particles, 

and some bacteria from AMD (Hakami et al., 2020). Ultrafiltration membranes have 

smaller pore size compared to MF, ranging from 0.001 to 0.1 micrometres. UF can 

effectively remove smaller particles, colloids, and macromolecules present in AMD, 

including certain heavy metal ions (Peters, 2010). These membrane processes help in 

reducing the load on subsequent treatment units, improving the quality of the treated 

water, and minimizing fouling issues, thereby extending the lifespan of the more 

expensive, sophisticated membranes and reducing operational costs. Additionally, this 

approach promotes the successful integration of more advanced membrane technologies 

and other treatment methods to address the specific challenges posed by acid mine 

drainage. 

 

2.5.1 Evaluation of NF and RO membranes for AMD treatment 

Reverse osmosis (RO) is a membrane process that utilizes semi-permeable membranes 

with dense films to separate solutes and contaminants from water (Ahuchaogu et al., 

2018). It is considered a pressure-driven separation process, where an external pressure 

is applied to the feed solution to force water molecules through the membrane, leaving 

behind the dissolved solids and contaminants on the feed side (Wang et al., 2021). In 
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reverse osmosis, the dense film or selective layer of the membrane acts as a barrier to the 

passage of solutes and larger particles, allowing only water molecules to pass through. 

The preferable mechanisms of transport in reverse osmosis are mainly attributed to two 

phenomena. Which are size Exclusion and solution diffusion. The dense film of the RO 

membrane contains extremely small pores, typically less than 0.001 micrometers in size 

(Pearce, 2007). These nanopores are small enough to exclude most solutes, ions, and 

larger particles, including heavy metals, salts, and other contaminants found in acid mine 

drainage (AMD). Only water molecules can pass through these tiny pores due to their 

small size. In addition to size exclusion, reverse osmosis operates on the principle of 

solution-diffusion (Lee & Lueptow, 2001). When the feed solution is subjected to high 

pressure, water molecules are driven to move from the region of higher concentration 

(feed solution) to the region of lower concentration (permeate water) across the semi-

permeable membrane. This process effectively separates water from the dissolved solids 

and contaminants, resulting in purified water on the permeate side and a concentrated 

stream of contaminants on the feed side. 

Zhong et al. (2007a) tested commercially available polyamide RO membranes to treat 

acid mine drainage. The system achieved 97% ion rejection and over 96% conductivity 

reduction, which shows that RO is excellent in recovering clean water. However, NF 

achieved 90% solute rejection in the same study, maintaining a higher permeate flux. 

Andrade et al. (2017) published similar results for AMD treatment, where NF produced 

7 to 12 times higher flux compared to RO. Even though NF permeate quality is slightly 

lower than RO permeate, it has higher efficiency in operation. However, a fundamental 

knowledge on AMD characteristics and membrane properties is necessary to select 
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appropriate membrane (Agboola, 2019a). It is important to note that reverse osmosis 

requires a considerable amount of energy to generate the necessary pressure for water to 

pass through the dense membrane. The high energy demand is one of the primary 

challenges associated with RO, making it a more energy-intensive treatment process 

compared to other membrane technologies like microfiltration and ultrafiltration. A study 

conducted by Pearson et al. (2021) reported that brackish water RO systems have an 

operational cost of 0.4 -0.8 US$/m3 for plant capacity of 5000m3/day. However, cost 

increases further for low capacity RO plants. Nevertheless, high efficiency and 

effectiveness of reverse osmosis in producing high-quality water make it a valuable tool 

in AMD treatment, especially when the goal is to achieve near-complete removal of 

dissolved solids and contaminants.  

Nanofiltration (NF) is another membrane technology used in the treatment of acid mine 

drainage (AMD). NF membranes have pore sizes ranging from approximately 0.001 to 

0.01 micrometres, making them capable of selectively removing divalent ions, some 

multivalent ions, and larger organic molecules while allowing monovalent ions and water 

molecules to pass through (Jamil et al., 2021). One of the main advantages using NF in 

AMD treatment is its ability to selectively remove divalent ions, such as calcium (Ca2+), 

magnesium (Mg2+), and sulfate (SO4
2-) (Song et al., 2020). NF can also effectively 

remove some heavy metal ions, such as nickel (Ni2+), zinc (Zn2+), copper (Cu2+), ferric 

(Fe3+), aluminium (Al3+) and REE(Cheng et al., 2012). However, it may not achieve 

complete removal of all heavy metals present in AMD, as the removal efficiency depends 

on factors like pH, complexation with other ions, and the specific properties of the NF 

membrane. Several studies evaluated performance of NF membranes for AMD treatment. 
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Aguiar et al. (2015) examined commercially available NF90, NF270 and MPS-34 for 

treatment of gold mine wastewater. Study showed that NF90 attained high permeate flux 

at low pH. However, NF270 showed better solute rejection, higher flux and better fouling 

resistance at high pH (pH 4.2) compared to NF90. This shows that, operating conditions 

play a vital role in optimizing NF performance. Lower fouling observed at high pH is 

found to be due to unique properties of NF membranes such as intra –pore solute 

rejection, pore radius and effective membrane thickness (Agboola, 2019b). Wadekar et 

al. (2017) conducted a pilot scale study using eight commercially available NF 

membranes for recovery of valuable metals from abandoned mining waste. The study 

showed that NF membranes rejected 99% of TDS and recovered 57% of clean water after 

operating for 208 hours. This further confirms the feasibility of using NF for Water 

recovery and valuable metal concentration from acid mine drainage. Aguiar et al. (2016) 

conducted a study comparing RO and NF membranes for AMD treatment from a gold 

mine. NF membranes were more suitable for AMD treatment mainly because of 

extremely low permeate flux of RO membranes. NF90 membranes showed the highest 

solute rejection, while NF270 membranes showed higher permeate flux. Furthermore, an 

operational cost estimation was performed on the NF system, which showed that total 

operational cost of NF was 0.263 US$/m3 of effluent. Which is considerable less than the 

operational cost of a RO system. Therefore, NF emerges as the cost effective membrane 

treatment solution for water recovery and valuable metal concentration.  
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2.5.2 Direct contact membrane distillation for AMD treatment 

Membrane distillation (MD) is a membrane-based separation technology that utilizes a 

hydrophobic membrane to separate water vapor from the contaminants present in the feed 

solution (Parani & Oluwafemi, 2021). The process relies on the vapor pressure difference 

between the contaminated water and a cooler, less contaminated permeate stream. By 

applying heat to the contaminated water, water molecules vaporize and pass through the 

hydrophobic membrane, leaving behind the dissolved contaminants and particulates 

(Yadav et al., 2021). There are several advantages of using membrane distillation for 

AMD treatment and resource recovery. Membrane distillation can achieve high removal 

efficiencies for dissolved contaminants, including heavy metals and other pollutants 

present in AMD (Jeong et al., 2021). This allows for the production of a high quality 

permeate. Another critical advantage of using MD is concentration of targeted metals for 

subsequent recovery. Residual feed solution obtained from membrane distillation 

contains concentrated metals and other valuable resources, which can be processed and 

recovered (Ryu et al., 2020). This approach enables resource recovery and potential 

economic benefits. Finally, membrane distillation can be operated at low temperatures 

and pressures, making it energy-efficient compared to other separation processes. 

Furthermore, waste energy from other industrial processes can be used as an energy 

source to further enhance efficiency. A pilot study conducted by Dow et al., (2016) 

reported energy from a continuously operating 500 MW rated power station has the 

treatment potential up to 8000 kL/day, with 99.9% solute rejection. This highlights the 

potential for using waste heat sources to operate DCMD units. 
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There are numerous studies conducted to evaluate the efficiency of MD systems for 

treatment of acidic wastewaters. Kesieme et al. (2014) used direct contact membrane 

distillation setup with PTFE (flat sheet) was successfully used to treat acid mine leach 

solution. Over 99% of salts were rejected by the membrane which concentrated metals 

such as Al3+, Ni2+ and Cu2+. Flat sheet PVDF membrane was also tested for acid rock 

drainage containing Fe, Al, Cu and Zn (Hull & Zodrow, 2017). This study reported over 

99% acid rejection and over 99.8% salt rejection. This further proves that MD can be 

successfully used as an efficient treatment method for AMD remediation (Foureaux et 

al., 2020). In terms of cost, Al-Obaidani et al. (2008) reported that operational cost of MD 

can be reduced from 1.17 US$/m3 to 0.64 US$/m3 by using a heat recovery system. 

Similar findings were reported by Kesieme et al. (2013), where operational cost reduced 

from 2.2 US$/m3 to 0.66 US$/m3 if waste heat reused in MD system. This makes 

membrane distillation a cost effective treatment option for AMD remediation compared 

reverse osmosis.  

 

Despite the challenges, resource recovery potential of membrane processes remains a 

compelling incentive. Concentrated streams containing valuable metals can be further 

processed and extracted, converting the treatment process into a circular economy 

approach. Resource recovery not only offsets operational costs but also reduces the 

environmental impact of mining activities. 
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2.6 Resource recovery from industrial waste  

The increasing cost of water remediation and stringent environment regulations have 

made treatment of industrial wastewater an additional cost to industries (Nordstrom, 

2011). This has resulted in gaining popularity of resource recovery recent years. 

Exhaustion of natural resources have further increased the search for alternative sources 

for valuable metals (Gaikwad et al., 2009). Previous studies have highlighted several 

promising methods to recover metals such as Cu, Li, Zn, REE, etc. (Binnemans et al., 

2013; L. Li et al., 2015; Ryu et al., 2019). While there are multiple methods available for 

selective recovery of resources, adsorption remains to be the most prefered method 

(Anastopoulos et al., 2016; Nagpal et al., 2013). The common feature of these adsorbents 

is the  high surface area and adsorbent sites. Increased surface area allows more ion to be 

attracted to free sites which will increase removal efficiency and intervals between 

regeneration of adsorbent (Cardoso et al., 2019). It is essential that adsorbents have high 

surface area to limit intraparticle repulsion and increase adsorption (Hu et al., 2006). 

Progress of nano technoogy has resulted in the development of adsorbents with high 

adsorption capacity and selectivity. The application of MOF-based materials in 

wastewater treatment has gained popularity in the recent times. MOFs have been 

successfully used either as a photo catalyst (Chen et al., 2020) or as an adsorbent to 

remove pollutants from wastewater streams (Lim et al., 2020; Zheng et al., 2019). MOFs 

can be synthesized with unique physiochemical properties specific for the application. 

This can be achieved through altering the synthesis process, using different metal ion 

nodes and organic linkers. Organic ligands can then be altered using post synthesis 

modification processes to capture specific metal ions from aqueous solutions. Recently a 
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variety of MOF materials with different physiochemical properties have been 

synthesized. Among the most extensively studied groups of MOFs are MIL 47 

(Rosenbach Jr et al., 2010), MIL 53 (Serre et al., 2002), MIL 101 (Lee et al., 2018), ZIF 

(Min et al., 2017), HKUST-1 (Zhao et al., 2020) and UiO-66 (Guo et al., 2021).  

 

2.6.1 Metal Organic frameworks 

MOFs are crystalline, microporous structures made by strong bonding of inorganic metal 

clusters with organic functional groups/ligands (Dias & Petit, 2015; Furukawa et al., 

2013). The organic ligands act as struts while the inorganic metals are the nodes of the 

structure (Figure 2.4) (Safaei et al., 2019).  

 

 

Figure 2.4: Structure of Metal organic frameworks (MOF) 

 

Its unique features in terms of high surface area and flexibility to modify the size, pore 

geometry and functionality have led to the discovery of extensive types of MOFs that has 
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been applied in various applications such as gas separation catalytic processes, sensors 

and drug delivery (Bonneau et al., 2020; Dias & Petit, 2015; Furukawa et al., 2013). 

Combinations of different metal centres and organic ligands have been used to modify 

physical and chemical properties of  MOF (Xing et al., 2019).  Chemical modification 

resulting in the development of water stable MOFs has propelled research on the 

application of MOFs for water remediation (Wang et al., 2017; Yang et al., 2019). 

Specifically, the synthesis of MOFs that are water stable with characteristics such as ion 

exchange, surface charge binding and protonation of functional groups has enabled its 

application for valuable metal recovery and adsorption of heavy metal even in trace 

concentrations (Elsaidi et al., 2018). 

Numerous studies have been conducted on recovery of valuable metals using 

functionalized MOFs. This chapter focuses on the development of MOFs for recovery of 

REE and other valuable metals. 

 

2.6.2 Synthesis of MOFs 

MOFs have beneficial physicochemical features, making them useful for various 

applications including water purification. MOFs have been prepared with a number of 

synthetic approaches such as hydrothermal (Meng et al., 2020), and solvothermal (Ghosh 

& Das, 2020). The properties of MOFs can be altered according to the purpose of the 

application. It can be achieved by changing the synthesis approach or by modifying the 

surface with beneficial functional groups. The most common strategy adopted is 

modification of MOF pores with organic functional groups for selectivity towards 

targeted metals. Modification with organic ligands can be carried out in situ or as a post 
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synthesis step. The following is a brief summary of physiochemical properties of MOFs 

and most widely used organic ligands for valuable metal recovery. 

 

2.6.3 Physical and chemical properties of MOFs 

MOFs are known to have high surface area which depend on the metal linkers used and 

the synthesis method. Modification of MOFs with beneficial ligands decreases the surface 

area and pore diameter. Studies have found that the reduction in surface area is 

overcompensated by the presence of active sites with beneficial functional groups which 

increases the affinity with targeted metals (Viltres et al., 2020). Another important aspect 

of adsorption is the ionic radius of metals and the pore diameter. For high sorption 

capacities, the pore diameter should be greater than the ionic radius of the metal. The pore 

diameter of MOFs is recorded to be within a 0.5-5.0 nm range. Therefore, MOFs are 

suitable for adsorption of heavy metals, REE, etc. 

The water stability of an adsorbent is a fundamental prerequisite for wastewater 

treatment. Industrial wastewaters have a wide pH range that depends mostly on the 

components. Industrial wastes such as AMD has high acidity, which the adsorbent should 

be able to withstand. One popular approach of assessing MOFs water stability is to take 

the x ray diffraction (XRD) before and after soaking in solutions with different pH for a 

long duration. If no changes are found, the material is considered to be highly water 

stable.  
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2.7 Functional groups for selective recovery of valuable metals 

Nitrogen based functional groups interact effectively with actinides and heavy metals as 

they are categorized as hard bases according to Hard and Soft Acid Bases (HSAB) theory. 

Therefore, N based functional groups have been incorporated to MOFs for high affinity 

towards targeted metals. A Zn based MOF, ZIF 8 was analysed for the removal of Cd 

from wastewater (Binaeian et al., 2020). The study found that dimethylethylenediamine 

functional group increased affinity towards Cd ions resulting in an 85% removal at 

optimum operation conditions.  Another study conducted by Hasankola et al. (2020) 

analysed a zirconium (Zr) based MOF modified with porphyrin ligand for mercury 

recovery. It was found that an adsorption capacity of 233 mg/g was achieved at a contact 

time of less than 30 mins. Chemical characterization of adsorbent found that the presence 

of Nitrogen functional groups contributed to high uptake of Hg ions. A Bi-based MOF 

modified with triazine organic ligand (CAU-7-TATB) was analysed for Pb removal (R. 

Zhang et al., 2019). The study found that N in the triazine group was responsible for 

selective recovery of Pb over other competing heavy metals such as Ni, Co, Cr and Mn, 

which are categorized as hard bases. This confirms that N has affinity towards acid and 

soft base metals over hard base metals. Therefore, modification of MOF with nitrogen 

based functional groups can be utilized to selectively recover beneficial metals. 

Phosphorus based functional groups such as the phosphonic group has been studied for 

selective recovery of REE.  REEs such are typically characterized as strong acids and 

naturally they have an affinity towards Lewis bases. A study conducted by Lee et al. 

(2018) found that the presence of phosphonic groups significantly increases selectivity 

towards REE over heavy metals. Cr-MIL-PMIDA consist of functional phosphonic and 
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residual NH2 groups, which are hard Lewis bases, which attracts REE. Therefore, 

phosphonic groups are beneficial for selective recovery of REE from wastewater. 

Oxygen based functional groups are also widely used for selective recovery of heavy 

metals, lanthanides and actinides. Carboxyl group is one such functional group used to 

increase capacity and selectivity towards targeted metals. (Zhang et al., 2017) synthesized 

and explored highly porous and stable UIO-66 and its carboxyl derivatives for Th (IV) 

adsorption. The study found that the presence of carboxyl groups significantly enhanced 

the adsorption capacity of Th(IV) on UIO-66 surface. The formation of coordination 

bonds between Th (IV) and COO- was found to be the main driving force behind the high 

adsorption capacity. Furthermore, carboxyl groups were also found to have high affinity 

towards REE. The study conducted by Ryu et al. (2021) found that carboxyl groups show 

high affinity towards REE. This has been confirmed by the study conducted by Lee et al. 

(2018), which showed carboxyl groups enhances selectivity towards REE over competing 

divalent heavy metals. 

2.8 Recovery of REE from Wastewater using MOFs 

REE consists of fifteen lanthanides, scandium and yttrium (Balaram, 2019). According 

to Balaram (2019), Scandium and Yttrium are considered as REE because they have 

similar chemical properties to lanthanides and they occur in the same deposits of ore. At 

present, the earth is facing the unprecedented challenge of global climate change. The 

search for sustainable energy sources has increased over the past decade. The demand for 

REE in the global market is increasing due to the expanded growth in production of 

modern technological equipment. Production of rechargeable batteries, catalysts in 



39 

 

vehicle exhaust systems, super conductors and fibre optics which rely heavily on REE, 

have increased over the past decade. According to literature, more than 90% of the 

demand for REE is supplied by China and due to recent trade restrictions, supply 

interruption exists in the global market (Ioannis Anastopoulos et al., 2016; Naidu et al., 

2019). A group of REE is therefore included in the list of critical raw materials by the 

European Commission and United States of America due to its economic importance and 

supply vulnerability. The market value for REE stood at 2.8 billion USD in 2017 and it 

is expected to have a continuous annual growth rate of 10.4% from 2019 to 2025 

(Goodenough et al., 2017). Among REEs, Gadolinium is an element that finds 

applications in various technologies, including medical imaging (as a contrast agent in 

magnetic resonance imaging or MRI), electronics, and nuclear reactors (Naidu et al., 

2019). Gadolinium is used in nuclear reactors as a neutron absorber. Gadolinium rods or 

compounds are inserted into the reactor core to control the rate of fission reactions by 

absorbing excess neutrons. This helps regulate the reactor's power output. Europium is 

another rare earth element with unique luminescent properties. It is commonly used in 

the production of phosphors for color displays, LED lights, and certain types of 

fluorescent lamps (Fonseka et al., 2022). In addition to color displays, europium is used 

in CRT monitors for computers and televisions. It contributes to the generation of colors 

on the screen by emitting specific wavelengths of light when bombarded with electrons 

(Naidu et al., 2019). Copper is another widely used metal with applications in electrical 

wiring, construction, transportation, and various industrial processes. It is highly valued 

for its conductivity and versatility. It is also a key material in renewable energy 

technologies (Ryu et al., 2019). It is used in wiring for solar panels, wind turbines, and 
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electric vehicles, playing a critical role in the transition to a more sustainable energy 

future. Hence, valuable metal recovery from waste has the potential to become a 

financially viable investment which could help offset the cost of treatment. There is a 

need to identify adsorbents which are highly efficient, easily sourced and high 

regeneration capacity. This will minimize re-mining for valuable resources which will 

help prevent further pollution of the environment and create pathway towards a circular 

economy for REE.  

Technologies such as nano filtration (NF) and membrane distillation (MD) were 

successfully studied for the pre-concentration of REEs from low-concentrated waste 

sources such as AMD. There is also interest in recovering REEs from discarded electronic 

devices, magnets and batteries. Few literature on the use of functionalized MOFs for the 

adsorption of trivalent renewables from waste solutions are known. 

MOF is identified to be a thermally and chemically stable adsorbent which can be used 

for recovery of REE from aqueous solutions. Thallapally et al. (2018) has found that 

DETA in MOF MIL-101-SO3 has a high capacity for REE adsorption. MIL-101-SO3 was 

found to be prone to chromium leaching during the acid stripping process. DETA 

modified MOF was found to be a stable adsorbent with high affinity towards REE. Lee 

et al. (2018) studied the efficiency of REE removal using functionalized Cr-MIL-101 

from aqueous solutions. MIL-101-PMIDA was found to have superior adsorption 

capacities for REE with high affinity towards Gd3+. The highest adsorption capacity was 

90 mg/g at the optimum pH of 5.5 (Lee et al., 2018). MIL-101-PMIDA also showed stable 

adsorption capacities over 5 regeneration cycles which confirms the high structural 

stability of the material.   
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A study conducted by Lou et al. (2019) synthesized acrylic acid functionalized MOF for 

Scandium (Sc) recovery. The material showed high selectivity towards Sc among 

competing di-valent and tri-valent metals such as Cu, Zn, Mn and Al. The formation of 

coordination bonds between Sc and Carboxyl groups on the surface of the adsorbent was 

found to be the driving force resulting in high selective uptake. 

 

Table 2.3: Summary of MOFs used for REE recovery 

MOF Targeted 

Metal 

Adsorption 

Capacity 

(mg/g) 

Adsorption 

mechanism 

Selectivity (%) 

(Competing 

Ions) 

Reference 

A-A MIL 101 Sc 90.21 

Coordination 

bonds with 

carboxylic 

group 

>90% 

(Cu, Co, Zn, Mn, 

Al) 

(Lou et al., 

2019) 

Cr-MIL-PMIDA Gd 87.7 

Coordination 

bonds with 

Carboxylate 

and phosphonic 

groups 

90% 

(Al, Fe, Ni, Co, 

Zn) 

(Lee et al., 

2018) 

Cr-MIL-PMIDA 
Lu 

Y 

63.4 

25.3 

Coordination 

bonds with 

Carboxylate 

- 

(Ryu, 

Fonseka, et 

al., 2021) 
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and phosphonic 

groups 

Magnetide@ 

MIL-101-SO3 

Nd 

Eu 

Y 

Dy 

Ce 

37.5 

37 

15 

35 

32.5 

Complexation 

with diethylene 

triamine 

(DETA) 

- 
(Elsaidi et 

al., 2018) 

UiO-66-EDTA Eu 195.2 

Coordination 

bonds with 

carboxylate 

and amine 

groups 

No selectivity 

Simultaneous 

removal of Eu, 

La, Fe, Mn, Hg, 

cd, Pb,Cu, Co, 

Zn, Ni 

(Wu et al., 

2019) 

HKUST 1 Ce 353 

Ion exchange 

and covalent 

bonding with 

Cu 

- 
(Zhao et al., 

2020) 

MIL-101-H50 Er 57.5 

Coordinative 

complexes with 

Phosphonic 

group 

90% 

 

(Zn, Cu, Ni, Co) 

(Kavun et 

al., 2021) 

U6N@ZIF-8-20 
Nd 

Eu 

249.9 

295.28 

Coordination 

bonds with 

amine, 

 

>80% 

(M. Zhang 

et al., 2020) 
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Gd 

Er 

316.22 

340.95 

carboxyl and 

hydroxyl 

groups 

(Cd, Zn, Cu, Mn, 

Co) 

 

2.9 Opportunities and future directions for use of MOFs for REE recovery 

MOFs were found to be an efficient adsorbent for recovery of REE compared to 

conventional adsorbents such as activated carbon, silica, etc. This is due to their large 

surface area, ease of modification with beneficial functional groups and high structural 

stability. As described in this chapter, affinity towards target metals mainly revolves 

around hard and soft acid bases (HSAB) theory. Here REEs are considered to be hard 

acids while beneficial functional groups such as amine, phosphonic and carboxyl are 

considered to be Lewis bases. REEs are attracted to Lewis base functional groups creating 

coordinating bonds. Even though modification with functional groups decreases surface 

area and porosity, it significantly improves affinity towards targeted metals, thus 

increasing the adsorption capacity. MOFs have shown high affinity towards REE 

supported by selectivity over competing ions. Even though MOFs have high selectivity, 

the adsorption capacity of REE in a single solute still remains lower compared to 

conventional adsorbents such as activated carbon due to reduced surface area post 

modification.  

The cost of using MOFs in real world application is another aspect that needs to be 

studied. There are very few studies analysing the cost vs benefit of using MOFs for 

valuable metal recovery. Zhao et al. (2019) reported that the cost of producing Cys-UiO-
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66 was  USD 6.50 per gram of adsorbent. This shows that the cost of modifying pristine 

MOF with beneficial functional groups is high. In this regard, the use of MOFs for 

recovery of REE can still be a financially viable proposition given the high demand for 

REE in the international market. This will further help offset waste water treatment cost 

and enable its sustainable operation. Lack of real world applications of MOFs for REE 

recovery should not be a limiting factor for future commercialization of the product. 

Further studies using column experiments and pilot scale studies should be carried out to 

analyse the applicability of MOFs in large scale projects. The integration of MOF onto 

RO/NF membranes could also be analysed for simultaneous water and REE recovery. 

MOFs may be considered a novel approach for recovery of valuable metals from 

wastewater. 

2.10 Functionalization of mesoporous silica for selective REE adsorption 

Mesoporous silca is another emerging adsorbent which has advantages such has high 

adsorption capacity, high selectivity of metals in the presence of other ions such as 

sodium, pottasium etc, high regeneration ability and long term stability of the adsorbent 

structure (Da'na, 2017). Mesoporous silica possesses a well-ordered pore structure with 

high surface area, large pore volume, and tunable pore size. These characteristics make it 

an excellent candidate for REE adsorption due to the high accessibility of active sites and 

increased mass transfer kinetics. Furthermore, there is potential for its high affinity 

towards to REE further improved by introducing functional groups. Surface modification 

with various functional groups further enhances the adsorption capacity and selectivity 

of mesoporous silica towards REEs. Sulphonic, carboxyl, and amine groups have been 
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widely explored for their affinity to form stable complexes with REEs, promoting 

selective recovery (Dolatyari et al., 2016; Ryu, Fonseka, et al., 2021). 

 

Hence this makes mesoporous silica an ideal adsorbent for slective removal of 

contaminents from wastewater (ALOthman, 2012; Yoshitake, 2005). The study 

conducted by Ryu et al. (2020) shows that multi modification of mesoporous silica with 

Mn and amine grafting increased adsorption capacity and selectivity for Cu. This 

confirms that mesoporous silica is a suitable material for modifications with high 

stability. The adsorption mechanism of REEs onto mesoporous silica involves a 

combination of ion exchange, coordination, and surface complexation (Dolatyari et al., 

2016; Iftekhar et al., 2018; Ramasamy et al., 2017). The surface area and pore structure 

of the adsorbent play a crucial role in accommodating REEs and promoting favorable 

interactions. However there has been no studies conducted to evaluate the performance 

of PMIDA grafting on mesoporous silica materials. Previous analysis on MOF highlights 

that PMIDA ligand promotes highly selective adsorption towards REE. Hence, 

identifying a synthesis method for PMIDA grafting on to mesoporous silica surface is 

noteworthy. 

Mesoporous silica has demonstrated superior selectivity for REEs over other metal ions 

present in mining wastewater. Its tailored surface chemistry allows for the selective 

recovery of specific REEs, minimizing interference from competing ions. Furthermore, 

mesoporous silica exhibits high adsorption capacities, making it a cost-effective and 

efficient sorbent. Despite the promising results, challenges such as regeneration, disposal 

of spent adsorbents, and potential competitive adsorption still exist. Addressing these 
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challenges will be vital for the practical implementation of mesoporous silica in large-

scale REE recovery processes. 

 

2.11 Summary 

This chapter focused on the developments of MOFs and mesoporous silica materials for 

selective recovery of valuable metals such as REE from wastewater. Studies have 

highlighted different functionalization approaches for recovery of targeted metals. It was 

found that selectivity towards REE is significantly improved in the presence of carboxylic 

and phosphonic groups. This is due to the formation of coordinating structures between 

beneficial groups and REE. High selectivity and reusability of MOF was found to be 

critical factors governing the high efficiency of MOF. Despite the high cost of production, 

MOF is a promising material for recovery of valuable metals at industrial scale. However, 

functionalised mesoporous silica promises to be  a cost effective solution for MOF. 

Mesoporous silica has highly tuneable surface, which can be modified with PMIDA. This 

will allow combination of high adsorption capacity of mesoporous materials to boost the 

selectivity of phosphonic and carboxyl groups for a better uptake of REE. Following 

chapters on this thesis discusses the works carried out on the performance of Cr-MIL-

PMIDA, SBA15-NH-PMIDA along with the analysis of using membrane/adsorption 

hybrid systems for simultaneous water and valuable metal recovery. 
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3 Introduction 

This chapter provides description on the chemicals used for synthetic AMD, procurement 

of Zn ore waste, adsorbent synthesis procedure, material characterization methods and 

experimental setup for equilibrium, kinetic and selective adsorption tests. Detailed, 

specific methodologies are provided within their respective chapters. 

 

3.1 Preparation of Synthetic AMD 

Chemicals used for preparation of model solutions are as follows. Europium(III) nitrate 

pentahydrate (Eu(NO3)3· 5H2O, 99.9%), Nickel(II) nitrate hexahydrate (Ni(NO3)2 · 

6H2O, 99.99%), Zinc(II) nitrate hexahydrate (Zn(NO3)2 · 6H2O, 98%), Cobalt(II) nitrate 

hexahydrate (Co(NO3)2 · 6H2O, 98%), Sodium sulfate (Na2SO4, 99.99%), Calcium(II) 

sulfate dihydrate (CaSO4 · 2H2O, 99%), Manganese(II) sulfate monohydrate (MnSO4 · 

H2O, 99%) and Copper(II) sulfate pentahydrate (CuSO4 · 5H2O, 98%) were purchased 

from Sigma Aldrich. 0.1M HCl solution was used for regeneration of adsorbent while 

potassium hydroxide (KOH, 98%, Sigma Aldrich) was used for pH adjustment. Ultra 

pure Milli Q water for preparation of solutions were obtained from Millipak Express 40 

Filter (0.22 µm membrane filter, 18 M Ωcm). All chemicals used in this study were used 

without further purification. 
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3.2 Cr-MIL-PMIDA MOF synthesis procedure 

Chromium(III) nitrate nonahydrate (Cr(NO3)3·9H2O, 99%), N-(phosphonomethyl) 

iminodiacetic acid (PMIDA, 95%), 2-aminoterephthalic acid (H2BDC-NH2, 99%), N,N-

dicyclohexylcarbodiimide (DCC, 99%), N,Ndimethylformamide (DMF, 99%), Ethyl 

alcohol (CH3CH2OH, 99.5%), toluene (anhydrous, 99.8%) and Methyl alcohol (CH3OH, 

99.8%) were used for synthesis of Cr-MIL-PMIDA and were purchased from Sigma 

Aldrich.  

Cr-MIL-PMIDA MOF was prepared as follows (Figure 3.1). 1.25 g of chromium(III) 

nitrate nonahydrate, 0.58 g of 2-aminoterephthalic acid and 17.5 ml of Milli Q were 

mixed and stirred for 3 hours under room temperature (25 ± 1 ℃  ). The solution was 

then transferred to an autoclave where it was heated to 150 ℃ for 24 h in a convection 

oven. The autoclave was then allowed to cool to room temperature and the solution was 

filtered to obtain Dark green Cr-MIL-NH2 precipitate. The filtrate was washed three times 

with Milli Q water and once with ethyl alcohol. The resulting product was then dried at 

80 ℃   for 12 h to remove any residual solvents (Abdel-Magied et al., 2019).  

Synthesized Cr-MIL-NH2 was then modified with N-(phosphonomethyl) iminodiacetic 

acid (PMIDA).  Cr-MIL-NH2, PMIDA and N,N-dicyclohexylcarbodiimide (DCC) were 

mixed at 1:1.5:2 molar ratio and transferred to a round bottom flask containing 80 ml of 

N,N-dimethylformamide (DMF, 99%). The solution was refluxed at 150 ℃ for 48 h. DCC 

was used as a catalyst for the reaction between amine groups on Cr-MIL-NH2 and 

carboxylic acid groups in PMIDA. The solution was cooled to room temperature and 

filtered to obtain light green Cr-MIL-PMIDA precipitate. It was then washed once with 
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toluene followed by Methyl alcohol to remove unreacted ligands from the adsorbent. 

Finally, the adsorbent was dried at 100 ℃ for 12 h in a convection oven. 

Modified chromium based metal organic framework was granulated using sodium 

alginate and calcium chloride solutions (An et al., 2015; Ryu et al., 2021). 1 g of powdered 

Cr-MIL-PMIDA was first added to 10 ml of 1.5% sodium alginate solution. The mixture 

was then loaded to a 50 ml syringe and gently trickled down to 0.05M CaCl2 solution 

with gentle stirring (100 rpm). Granulated material (dia = 2.0 ± 0.1 mm) was then sieved 

and dried at 70°C for 12 hours

Figure 3.1: Lab synthesis of Cr-MIL-NH2 and Cr-MIL- PMIDA

3.3 SBA15-NH-PMIDA synthesis process

Tetraethyl orthosilicate (Si(OC2H5)4, TEOS) (98%, Sigma-Aldrich), poly(ethylene 

glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (P123), (3-
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aminopropyl) triethoxysilane (APTES, Sigma-Aldrich), N,N-dicyclohexylcarbodiimide 

(DCC, 99%), N-(phosphonomethyl) iminodiacetic acid (PMIDA, 95%), , N,N-

dimethylformamide (DMF, 99%), 34% HCl solution, toluene (anhydrous, 99.8%), and 

Methyl alcohol (CH3OH, 99.8%) were all purchased from sigma Aldrich for synthesis of 

SBA15-NH-PMIDA. Sodium alginate (Alginic acid sodium salt, medium viscosity, 

Sigma Aldrich) and Calcium Chloride (Anhydrous granular, ≥ 93%) were used for 

granulation of SBA15-NH-PMIDA powder. 

SBA-15 was prepared via a hydrothermal reaction (Chang et al., 2009; Ryu et al., 2019). 

120 ml of 2 M hydrochloric acid (HCl), 23 ml of deionized water (DI-water), and 3.0 g 

of P123, which acts as a structure-directing agent, was dissolved at ambient temperature 

(25 ± 1 ℃). 6.5 g of TEOS (tetraethyl orthosilicate) was then added to this solution as a 

silica source. The mixture was then placed in an autoclave and subjected to aging (self-

assembly reaction) at 35 °C for 20 hours and 100 °C for an additional 24 hours. This step 

is necessary to promote formation of the mesoporous structure. The residual material was 

filtered and dried at 80 °C in an oven overnight. Finally, the powder was calcinated at 

550 ºC for 3 h to remove any remaining water molecules and P123 surfactant (Ryu et al., 

2018; Shahbazi et al., 2011). 

 

3.3.1 Amine grafting on SBA15 

In this step, amine groups were introduced onto the surface of SBA15, to enhance its 

adsorption and functional properties following a previously reported method (Da'na & 

Sayari, 2012; Ryu et al., 2019). 1.0 g of SBA15 was dispersed in 100 ml of dry toluene. 

1 ml of APTES (3-aminopropyltriethoxysilane) was then added to the solution. The 



52 

 

mixture was refluxed at 110 °C for 10 hours to allow the reaction between the amino-

propyl groups of APTES and OH groups on the surface of the mesoporous silica. SBA15-

NH2 precipitate was finally filtered, washed with ethanol and dried in an oven at 70 °C. 

 

3.3.2 Synthesis of  SBA15-NH-PMIDA 

SBA15-NH2 was modified with N-(phosphonomethyl) iminodiacetic acid (PMIDA) for 

the first time in this study. Since previous methods for this particular modification were 

not reported, PMIDA grafting of chromium based MOF was used as a reference.  

According Lee et al. (Lee et al., 2018), 1: 1.5:2 molar ratio between NH2, PMIDA and 

DCC is found to be optimum for a successful reaction. In SBA-NH2, 3 moles of  SiO2 

binds with 2 moles numbers of NH2.  Therefore, 1.5 (SBA15-NH2): 1.5 (PMIDA): 2 

(DCC) molar ratio was calculated be the optimum for synthesis. SBA15-NH2, PMIDA 

and N,N-dicyclohexylcarbodiimide (DCC) were mixed at 1.5:1.5:2 molar ratio and 

moved to a round bottom flask containing 80 ml of N,Ndimethylformamide (DMF, 99%). 

The solution was refluxed at 150 ℃   for 48 h. The reaction between amine groups and 

PMIDA was catalysed using DCC. The solution was cooled to room temperature and 

filtered to obtain white colour SBA15-NH-PMIDA precipitate. It was then washed once 

with toluene followed by Ethyl alcohol to remove unreacted ligands from the adsorbent. 

Finally, the adsorbent was dried in a convection oven at 100 ℃ for 12 hours. Synthesis 

process for the preparation of SBA15-NH-PMIDA is summarised in figure 3.2. 
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Figure 3.2: Synthesis process of SBA15-NH-PMIDA 

 

3.4 Physical Properties 

Nitrogen adsorption and desorption studies were conducted to establish physical 

properties of the adsorbents. Analysis were carried out using Nanoporosity Mirae (S 

Korea) instrument at 77K. Brunauer–Emmett–Teller (BET) surface area of samples were 

calculated using isotherm data obtained in 0 > P/P0 > 0.5 range. Barrett–Joyner–Halenda 

(BJH) method was adopted to estimate the pore size distribution and the pore volume.  

3.5 Surface morphology 

Fourier transform infrared spectroscopy (FT-IR) analysis was performed using 

IRAffinity-1 spectrometer (Shimadzu, Japan) with attenuated total reflection (ATR) 
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accessory to identify chemical bonds and vibrations on the surface of the adsorbent. 

Scanning electron microscopy images were obtained using Zeiss supra 55VP field 

emission instrument operated at 15kV. Elemental composition of adsorbent was 

identified and mapped using energy dispersive X-ray spectrometer (EDS). X-ray 

photoelectron spectroscopy (XPS) analysis was performed using a VG Multilab 2000 

(Hosmed, Finland) with a 7-channeltron detector. 

 

3.6 Adsorption experiments 

3.6.1 Batch Equilibrium experiments 

Maximum adsorption capacity (𝑄𝑒 ) at equilibrium was calculated using equation (1) to 

(4) as described below. 

Maximum adsorption capacity (𝑄𝑒 ) at equilibrium was calculated using equation (1). 

 

𝑄𝑒 =
𝑉

𝑀
∗ (𝐶𝑖 − 𝐶𝑒)       (3-1) 

Qe  : Adsorption capacity at equilibrium (mg/g) 

V : Solution volume (L) 

M : Mass of adsorbent before adsorption (g) 

Ci : Initial concentration of Eu 

Ce : Equilibrium concentrations of Eu 
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Data from adsorption experiments were fitted to Langmuir, Freundlich and Sips 

isotherms to analyse adsorption mechanisms.  

 

Langmuir Isotherm:  𝑄𝑒 =  
𝑄𝑚𝑏𝐶𝑒

1+𝑏𝐶𝑒
     (3-2) 

Freundlich Isotherm: 𝑄𝑒 =  𝐾𝐶𝑒

1

𝑛     (3-3) 

Sips isotherm:   𝑄𝑚𝑏𝐶𝑒
1/𝑛

(1+𝑏𝐶𝑒
1/𝑛)

      (3-4)  

Qm : Maximum sorption capacity (mg/g) 

b : Langmuir constant (L/mg) 

K : Freundlich constant (g1-n Lng-1) 

1/n : Dimension less constant related to heterogeneity of adsorbent surface 

 
 

3.6.2 Kinetic experiments 

Pseudo-first order and pseudo-second order models were used for data analysis as 

described below. 

Pseudo-First Order 𝑑𝑄𝑡

𝑑𝑡
= 𝑘1(𝑄𝑒 − 𝑄𝑡)    (3-5) 

Pseudo-Second Order 𝑑𝑄𝑡

𝑑𝑡
= 𝑘2(𝑄𝑒 − 𝑄𝑡)2    (3-6)  

t  : Contact time (h) 

Qt  : Concentration of Eu (mg/l) at time t 

Qe  : Concentration of Eu (mg/l) at equilibrium (24 h) 
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k1 (h-1)  : Adsorption rate constant 

k2 (g mg-1h-1) : Adsorption rate constant 

 
Surface diffusion model (SDM) was developed to further analyse migration mechanism 

of adsorbate on the surface of adsorbent (Souza et al., 2017). Adsorption from liquid 

phase onto a porous solid occur in three steps, which are 1) diffusion from fluid to external 

surface of adsorbent, 2) mass transfer from external surface to the solid phase and finally 

3) physical/chemical bonding with active sites (Souza et al., 2017). Since pseudo models 

neglect film diffusion and intraparticle diffusion, surface diffusion model is considered 

to be a realistic method to predict adsorption kinetics (Souza et al., 2017). Equation for 

surface diffusion model are given below.  

Surface Diffusion Model (SDM):   𝜕𝑞

𝜕𝑡
=

1

𝑟2

𝜕

𝜕𝑟
(𝑟2𝐷𝑠

𝜕𝑞

𝜕𝑟
)  (3-7) 

   

Boundary conditions: 

𝐾𝑓(𝐶 − 𝐶𝑠) = 𝐷𝑠𝜌𝑝
𝜕𝑞

𝜕𝑟
     𝑎𝑡    𝑟 = 𝑅𝑝     (3-8) 

𝜕𝑞

𝜕𝑟
= 0    𝑎𝑡    𝑟 = 0         (3-9) 

  

C𝑠 : Concentration of Eu at the surface of adsorbent (mg/l) 

𝐷𝑠 : Effective surface diffusion coefficient (m2/h) 

r : Radius of the spherical particle (m) 
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Equation (7) was solved using orthogonal collocation method as proposed by McKay 

(2001).  

 

3.6.3 Selective adsorption studies 

The samples were prepared by spiking concentration of competing heavy metals relative 

to composition found in dissolved mine ore. 0.01 g of adsorbent was mixed with 50 ml 

of synthetic solution and was stirred on a flat shaker for 24 hrs at room temperature (20°C) 

to reach equilibrium. Samples were then filtered and analysed for initial and residual 

concentration of elements. Adsorption tests using binary mixture of metals (Eu vs 

competing heavy metals) were also carried out to analyse the influence of individual Al, 

Fe, Zn, Cu and Mn metals on selective adsorption of Eu. The recovery efficiency of 

dissolved ions by the adsorbent was calculated using the equation proposed by Zhao et 

al. (2020).  

 

Recovery efficiency (%):   𝐶0−𝐶𝑡

𝐶0
× 100    (3-10) 

𝐶0 : Initial concentration of dissolved metal (mg/g) 

𝐶𝑡 : Equilibrium concentration of dissolved metal (mg/g) 
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CHAPTER 4 

 

 

SELECTIVE RECOVERY OF RARE EARTH ELEMENT FROM 

MINE ORE BY CR-MIL METAL ORGANIC FRAMEWORK 

 

 

 

 

 

 

*This chapter is based on the following journal publication 

Fonseka, C.; Ryu, S.; Choo, Y.; Mullett, M.; Thiruvenkatachari, R.; Naidu, G.; 

Vigneswaran, S. Selective Recovery of Rare Earth Elements from Mine Ore by Cr-MIL 

Metal–Organic Frameworks. ACS Sustainable Chemistry & Engineering 2021, 9, 

16896-16904. https://doi.org/10.1021/acssuschemeng.1c04775 
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4 Introduction 

Rare earth elements (REEs) have gained significant attention globally as a strategic 

resource essential for renewable energy application and new age electronic devices (Wu 

et al., 2014). Due to the localised natural presence of the REEs, many countries have 

categorised REE as “critical” raw materials (Naidu et al., 2019; Wu et al., 2014). The 

critical need to meet the demands of REE has led to much focus on alternative methods 

for obtaining REE through secondary waste resources  

Feasible recovery of REE has been explored from secondary waste resources such as end 

of life consumer electronics (Ambaye et al., 2020b), acid mine drainage (AMD) (Naidu 

et al., 2019) and residual waste from metal ore processing (Borra et al., 2016a; Wu et al., 

2018). The main challenge of REE recovery from electronic waste is the expensive 

chemical and physical pre-treatments required to dismantle/dissemble the electronic parts 

to extract REE, which generates substantial amount of slag and high losses of REE 

(Ambaye et al., 2020b). Likewise, REE in AMD can range into trace concentration 

depending on the source point (upstream/downstream of the mining area) (Naidu et al., 

2019). Alternatively, REE can be directly extracted from ore leachate containing REE, 

namely phosphate ores, red muds (bauxites) and zinc ores (D.-r. Zhang et al., 2020). Zinc 

smelting is one such process where accumulation of by-products exceeds 10 million tons 

globally (Song et al., 2019; Ujaczki et al., 2017). Zinc smelting leachate contains valuable 

metals including REE which can be recovered prior to disposal. Studies found that the 

concentrations of REE in metal smelting leachate were significantly higher than 

abundance in earth’s crust (Binnemans et al., 2015; Borra et al., 2016b). 
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Hydrometallurgy and chemical precipitation are conventionally explored for selective 

REE recovery where low purity and high consumption of reagents were found to be 

inherent concerns (Ambaye et al., 2020b); (Vaziri Hassas et al., 2020).  Ionic liquid has 

been widely used for REE recovery, but recycling of secondary pollutants need to be 

resolved before it can be practically applied (Wu et al., 2014). In recent times REE 

recovery with algae has also been examined. Even so, selective REE recovery in mixed 

acidic condition is yet to be established (Y. Zhang et al., 2019). In this regard, adsorption 

is considered promising due to its practical efficiency in acidic condition and low cost 

(Smith et al., 2016). However, majority of conventional adsorbents such as alumina, 

zeolite and activated carbon show low adsorption capacities or limited selectiveness 

towards recovering REEs (Nkinahamira et al., 2020; Ramasamy et al., 2017). Factors that 

can significantly enhance the performance of adsorbents towards REE selectivity 

includes fine tuning its selective mechanism as well as increasing its surface ratio. Metal 

organic frameworks (MOFs), a new age material, is highly promising in this regard, as it 

offers extraordinarily high surface area with flexibility of manipulating its pore geometry, 

size and functionality for attaining high selectivity of a specific ion.  

MOFs are crystalline structures made by strong bonding of metal clusters with organic 

functional groups/ligands (Efome et al., 2018; Z.-Q. Li et al., 2015). Synthesis of MOFs 

that are water stable with characteristics such as ion exchange trapping, surface charge 

binding and protonation of functional groups has enabled MOFs to be used in valuable 

metal recovery and adsorption of heavy metal even in trace concentration (Efome et al., 

2018; Z.-Q. Li et al., 2015).  
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Few studies have reported on the promising capacity of MOFs for REE recovery (Abdel-

Magied et al., 2019; Mahmoud et al., 2019; Zhao et al., 2020). For instance zeolite MOFs 

evaluated for recovery of REEs (Sm, Dy), attained high adsorption capacity at 280 to 430 

mg/g (Abdel-Magied et al., 2019). Likewise, a modified Zn-based MOF exhibited high 

capacity for yttrium REE (over 370 mg/g) and this was attributed to the mechanism of 

ion exchange and chemical bonding between yttrium and hydrogen ions on its surface 

and nitrogen ions present in the pores from the functional groups (Mahmoud et al., 2019). 

These studies highlight the importance of grafting metal clusters with appropriate 

functional groups to attain high REE selectivity in MOFs. In line with this, recent studies 

have reported on the high stability and capacity of chromium MIL based MOFs 

functionalized with phosphonic and carboxylate groups towards selective REE recovery 

(Kavun et al., 2021; Lee et al., 2018). Although these studies indicate MOFs adsorption 

capacity for REE, most of these studies were conducted with either single solute model 

solutions or with concentration ratios of transient metals that do not represent practical 

scenarios (Abdel-Magied et al., 2019; Mahmoud et al., 2019). More specifically, the 

performance of MOFs for recovering REE from actual zinc mine ore leachate that contain 

high concentration of Zn and other heavy metals is yet to be explored. It is essential to 

establish the capacity of applying MOFs for recovering REE in actual scenarios and 

understanding its selectivity mechanism to enhance its practical performance. 

 

This study aims at examining the efficiency of modified chromium-based MOF to 

selectively recover REE from real zinc ore leachate and to study the impact of competing 

ions on REE recovery. For this reason, zinc ores were obtained from an actual mining site 
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and acid leaching was carried out to establish the presence of REEs from the ore leachate. 

Cr-MIL-PMIDA was synthesized in the lab using a previously reported method. An in-

depth structural and chemical characterizations were carried out to verify the produced 

MOF. Factors that influence the performance of the synthesised MOF for REE recovery 

was examined and a detail study on the MOFs capacity to selectively recover REE from 

the actual zinc ore leachate was carried out.  The Cr-MIL-PMIDA MOFs characterization 

analysis and performance trend was used to develop an understanding and represent the 

selective mechanism of the MOF towards REE.  The feasibility of recovering REE with 

MOF was determined by multiple regenerative/reuse test.  

 

4.1 Materials and Methods 

4.1.1 Dissolved Mine Ore 

Zinc mine ore samples obtained from an Australian mining site (SGS Minerals, Malaga, 

Western Australia) was used in this study. Sulphuric acid (300 ml, 2M) was added to 30 

g of crushed mine ore (30g) and stirred using a magnetic stirrer at room temperature (25 

± 1 ℃) for 24 h, forming a concentrated slurry/leachate. A 0.45 µm syringe filter was 

used to filter the leachate and was analysed using inductively coupled plasma mass 

spectrometry (ICP-MS) (Agilent 4100) for dissolved ions. As indicated in table 4.1, 

cumulative concentration of REE in the mine ore leachate was 4.5 mg/l and it 

predominantly contained of Eu with trace levels of other REEs. Based on the ion 

characteristics, this study aims to selectively recover Eu from leached Zn mine ore.  
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Table 4.1 Characteristics of dissolved mine ore (pH 0.5±0.1) 

Element Concentration (mg/l) 

Al 237.10 ± 0.50 

Ca 440.21 ± 4.50 

Fe 2922.10 ± 0.50 

Mg 3141.50 ± 2.00 

Mn 323.40 ± 0.50 

Zn 380.31 ± 0.50 

Na 18.2 ± 1.00 

Cu 2.90 ± 0.20 

Ni 0.20 ± 0.50 

Co 0.30 ± 0.10 

Ce 0.19 ± 0.01 

Er 0.05± 0.01 

Eu 3.50 ± 0.01 

Gd 0.07 ± 0.01 

La 0.04 ± 0.01 

Sc 0.16 ± 0.01 

U 0.03 ± 0.01 

Y 0.38 ± 0.01 
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4.2 Cr-MIL-PMIDA MOF synthesis procedure 

Chemical and detail synthesis procedure for Cr-MIL-PMIDA MOF is described in 

chapter 3. 

4.3 Chemical decomposition 

Chemical decomposition was carried out according to the method reported by Naidu et 

al. (2016). 0.05 g of pristine Cr-MIL-PMIDA were added to 1 ml of concentrated H2SO4 

and heated to 200 ℃ for 5 h. The decomposed sample was then diluted to 50 ml with 

deionized water. The diluted sample was then filtered with 0.45 µm syringe filter and 

analysed for Cr, P and N using ICP-MS and IC respectively. The same procedure was 

repeated for Eu adsorbed Cr-MIL-PMIDA and pristine Cr-MIL-NH2 to study the 

structural stability and the effect of PMIDA modification.   

 

4.4 REE Adsorption Experiments  

4.4.1 Influence of solution pH  

The effect of pH on Eu adsorption on Cr-MIL-PMIDA was investigated using 10.0 mg/l 

Eu solutions of varying pH conditions (pH 2.0 – 6.0). 0.1 M NaOH and 0.1 M H2SO4 

were used for pH adjustment. 0.01 g of MOF were suspended in 50 ml of pH adjusted 

solutions and agitated at room temperature (25 ± 1 ℃) for 24 h on a flat shaker (120 

rpm). Portable multimeter (HQ40d, HACH, US) was used to measure the pH of solutions 

and Zetasizer (ZS Zen3600, UK) was used to measure the surface charge of Cr-MIL-

PMIDA. 
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4.4.2 Batch Equilibrium experiments 

Equilibrium adsorption studies for recovery of Eu on Cr-MIL-PMIDA were carried out 

using 0.01 g of MOF suspended in 50 ml of dissolved Eu solutions. Initial Eu 

concentrations varied from 2.5 mg/l to 30 mg/l in this study. Optimum pH of 5.5±0.5 was 

maintained in all samples and samples were agitated at room temperature (25 ± 1 ℃) for 

24 hours to reach equilibrium. Concentrations of dissolved Eu were measured using ICP-

MS. Maximum adsorption capacity (𝑄𝑒 ) at equilibrium was calculated using equation 

(1) to (4). 

 

2.4.3 Kinetic experiments 

Kinetic experiments were carried out to analyse mass transfer mechanisms. Experiments 

were conducted by suspending 0.01 g of adsorbent in 50 ml of 10 - 20 mg/l Eu at optimum 

pH 5.5. The beakers were agitated on a flat shaker at room temperature (25 ± 1 ℃).  

Samples were recovered for analysis at selected time intervals up to 24 h and residual Eu 

concentrations were measured. Pseudo-first order and pseudo-second order models were 

used for data analysis as described in the chapter 3. The study also evaluated migration 

mechanism with surface diffusion model (SDM) as described in detail in the chapter 3. 

 

4.4.3 Selective adsorption studies 

Selective adsorption test was carried out with the leached solution of the mine ore (Table 

4.1) to evaluate the capacity of Cr-MIL-PMIDA adsorbent towards selective Eu recovery 
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over significantly higher heavy metals present in the mine ore leachate. Furthermore, 

selectivity of adsorbent towards recovery of Eu was tested using multicomponent 

solutions consisting competing metals. The samples were prepared by spiking 

concentration of competing heavy metals relative to composition found in dissolved mine 

ore at pH 5.5±0.5. 0.01 g of MOF was mixed with 50 ml of synthetic solution and was 

stirred on a flat shaker for 24 hrs at room temperature (25 ± 1 ℃) to reach equilibrium. 

Samples were then filtered and analyzed for initial and residual concentration of elements. 

Adsorption tests using binary mixture of metals (Eu vs competing heavy metals) were 

also carried out to analyze the influence of individual Al, Fe, Zn and Mn metals on 

selective adsorption of Eu. 

4.5 Results and Discussion 

This study evaluates the performance of Cr-MIL MOF towards selective recovery of 

REE, focusing on Europium (as REE), in line with its presence in the leached Zn mine 

ore (table 4.1). It is also worth mentioning that amongst REEs, Europium (Eu) is 

considered to be the one of the most expensive REEs in the international market and the 

rarest in nature, accounting for only 0.1 wt% in monazite and bastnasite ores (Kumari et 

al., 2019). This has resulted in Eu being mined only as a by product due to financial 

constraints (Wang et al., 2020). 
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4.6 Cr-MIL MOF properties and Characterization

4.6.1 XRD analysis of MOF crystalline structure

X-ray diffraction (XRD) patterns of Cr-MIL-NH2 and end product (Cr-MIL-PMIDA) 

(Figure 4.1) showed that both derivatives were similar to those reported by previous 

studies which confirms successful synthesis of the materials (Kavun et al., 2021). 

Indistinguishable XRD patterns of the two MOF derivatives highlights that the crystal 

structure of the adsorbent was well preserved during modification with PMIDA groups.

Figure 4.1: XRD patterns of (a) Cr-MIL-NH2 and (b) Cr-MIL-PMIDA

4.6.2 BET Analysis

Physical properties reported for Cr-MIL-PMIDA in our study is similar to that reported 

by Lee et al. (2018) with slightly notable variations in values for Cr-MIL-NH2. Likewise 

previous (Lee et al., 2018) studies on Cr-MIL indicated that the physical properties of the 
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prepared nanomaterials were within these value ranges. For instance,  Liu et al. (2016) 

highlighted that the BET surface area of Cr-MIL-NH2 was in the range of 1245 m2/g – 

2146 m2/g. Dapaah et al. (2021) indicated that the BET surface area of the Cr MIL NH2 

prepared in their study was1443 m2/g , which closely matched the values reported in our 

study. In terms of pore diameter, Babaee et al. (2020) reported that the pore diameter of 

Cr MIL NH2 was less than 10 nm, that closely matches the pore diameter in our study. 

Hence, these validates that the pore diameter of the synthesised Cr-MIL-NH2 in our study 

was within an acceptable range. It is important to highlight that modification of adsorbent 

with organic ligands significantly reduces physical properties such as surface area and 

pore volume (Bahadori et al., 2020). This explains the apparent reduction in pore diameter 

recorded in our study, which confirms successful grafting of beneficial ligands. Kavun et 

al. (2021) reported similar findings where a 60% reduction of the surface area of Cr-MIL 

MOF upon functionalization with organophosphorus and attributed the surface area 

reduction to the presence of functionalized ligand incorporated to the Cr surface. Also, 

the BET surface area of the organophosphorus functionalized Cr-MIL in the ranges of 

970 -1200 m2∙g-1 reported by Kavun et al. (2021) was closely similar to surface areas of 

functionalized Cr-MIL-NH2 and Cr-MIL-PMIDA of our study. Physiochemical 

characterization of Eu loaded Cr-MIL-PMIDA shows a decrease in surface area and pore 

volume. This can be attributed to the pore blocking created by accumulation of Eu ion on 

the inner walls of pores. (Lu et al., 2016) A similar trend was reported in previous 

adsorption studies where decrease in pore volume and BET surface after adsorption were 

recorded while the pore size remained closely similar.(Lu et al., 2016; Pereira et al., 2019) 
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This shows the Cr-MIL-PMIDA is structurally stable which leads to increased reusability 

in practical applications. 

 

Figure 4.2: Nitrogen adsorption/desorption isotherm graphs of (a) Cr-MIL-NH2 and (b) 

Cr-MIL-PMIDA 

 

Table 4.2: Physiochemical properties of Cr-MIL-NH2 and Cr-MIL-PMIDA 

Adsorbent 

BET Surface Area 

(m2∙g-1) 

Pore Volume 

(cm3∙g-1) 

Mean Pore Diameter 

(nm) 

Cr-MIL-NH2 1282.3 1.05 4.01 

Cr-MIL-PMIDA 1049.4 0.69 2.15 

Eu loaded Cr-MIL-PMIDA 981.18 0.59 2.12 

 

4.6.3 SEM and element composition analysis 

The elemental distribution mapping of Cr-MIL-PMIDA (Figure 4.3) obtained from SEM 

analysis reveals that N and P functional groups were evenly distributed on the surface of 
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the adsorbent. This data confirms the successful synthesis of the functional groups onto 

the Cr surface in Cr-MIL-PMIDA. Meanwhile the chemical decomposition analysis 

(Table 4.3) indicated significant increase in P content from 0.05% to 4.02% and likewise 

an increase of N content from 3.24% to 5.28% upon modification with PMIDA functional 

group. This reflects that successful bonding between amine and PMIDA groups occurred 

during the synthesis process. Likewise, the Cr content reduced by about 10% in Cr-MIL-

PMIDA compared to Cr-MIL-NH2, suggesting that functional groups covered the Cr 

surface during modification.  

 
Table 4.3: Elemental composition of Cr-MIL-NH2 and Cr-MIL-PMIDA (based on 

adsorbent chemical decomposition)  
Adsorbent Cr (wt %) N (wt %) P (wt %) 

Cr-MIL-NH2 4.42 3.25 0.05 

Cr-MIL-PMIDA 4.00 5.28 4.02 
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Figure 4.3: Cr-MIL-PMIDA (a) SEM images and (b) elemental distribution mapping 

4.6.4 FT-IR spectra analysis

Chemical bonds and vibration patterns of MOFs were studied using FT-IR spectra 

analysis. The broad peak formation recorded between 3500 cm-1 and 3250 cm-1 indicates 

the presence of N-H bonds (Figure 4.4). The vibration located at 1258 cm-1 indicates the 

presence of C-N stretching and the hydrogen bonds between amine groups and the 

carboxylic acid groups are represented by the split peak recorded at 1400 cm-1. Similar 

vibration pattern was observed in Cr-MIL-PMIDA for the range 3500 cm-1 to 3250 cm-1

highlighting the presence of N-H bonds from amide bonding. Additional peaks found in 

Cr-MIL-PMIDA at 2938 cm-1, 900 cm-1 – 1100 cm-1 confirm the successful bonding of 

(b)(a)
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phosphonic groups on the structure. Vibration peak appeared at 1589 cm-1, which 

attributed to NH2 scissoring, disappeared after the ligand exchange reaction confirming 

the formation of amide bonding which enables the tethering of PMIDA group to the 

adsorbent. The FT-IR spectra of Eu adsorbed Cr-MIL-PMIDA will be discussed in the 

later section. 

 

Figure 4.4: Full FT-IR spectra of Cr-MIL-NH2 and Cr-MIL-PMIDA before and after the 

Eu adsorption 

 

4.6.5 Effect of pH and surface charge on Eu recovery 

The influence of pH on Eu recovery by Cr-MIL-PMIDA was examined between pH 

ranges of 2.0 and 6.0. A higher pH range was not selected since REEs typically form 
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insoluble REE(OH)3  at pH above 7 (Hatanaka et al., 2017; Zhang & Honaker, 2018). The 

effect of pH on Eu adsorption on Cr-MIL-PMIDA was investigated using 10.0 mg/l Eu 

solutions of varying pH conditions (pH 2.0 – 6.0). 0.1 M NaOH and 0.1 M H2SO4 were 

used for pH adjustment. 0.01 g of MOF were suspended in 50 ml of pH adjusted solutions 

and agitated at room temperature (25 1 ± ℃) for 24 h on a flat shaker (120 rpm). Portable 

multimeter (HQ40d, HACH, US) was used to measure the pH of solutions and Zetasizer 

(ZS Zen3600, UK) was used to measure the surface charge of Cr-MIL-PMIDA. 

As indicated in Figure 4.5a, recovery of Eu is highly dependent on the pH of solution. 

Specifically, Eu recovery increased from 13% to 93% as the pH was increased from 2.0 

to 6.0. Maximum Eu recovery was achieved at pHeq of 5.5±0.5. In line with the increase 

of Eu recovery, equilibrium pH of the solution showed a decreasing trend (Figure 4.5b). 

Based on this result, it is highly likely that at pH above 3, H ions were released due to 

deprotonation of functional groups. This resulted in a reduction of pH while the 

deprotonated condition created a favourable electrostatic attraction and binding capacity 

between the positively charged Eu and the adsorbent. In turn, Eu recovery significantly 

increased.  

Correspondingly, the surface charge (zeta potential) showed a trend of increased negative 

charge when the pH was increased (Figure 4.5a). This confirms deprotonation of 

functional groups which resulted in increased negative surface charge at higher pH that 

contributed to the enhanced Eu recovery. Overall, these results identified pHeq of 5.5±0.5 

as optimum for attaining high Eu recovery and, therefore this optimum pH value was 

selected for all subsequent studies unless otherwise mentioned.   
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Figure 4.5: Influence of pH on (a) Eu recovery and Cr-MIL-PMIDA surface zeta 

potential (b) Eu recovery and pHeq variation. 

4.7 Adsorption Studies 

4.7.1 Equilibrium Experiments 

Langmuir, Freundlich and Sips isotherm models were adopted to study the interaction 

between Eu and Cr-MIL-PMIDA. pH of the solutions were maintained at optimum pHeq 

5.5±0.5 for all conditions of the equilibrium experiment.  

As depicted in Figure 4.6, adsorption capacity followed a non-linear pattern and was 

dependent on the initial concentration of Eu. Table 4.4 summarises the isotherm 

parameters calculated from the models. Langmuir (R2 > 0.99) and Sips (R2 > 0.99) models 

generated the best fit with experimental data which suggest the presence of homogeneous 

binding sites. High correlation coefficient of Sips model too confirms monolayer 

adsorption at high adsorbate concentrations which results in finite molecular sorption 

(Elmorsi, 2011). The maximum adsorption capacity for uptake of Eu on Cr-MIL-PMIDA 

was calculated to be 69.14 mg/g according to Langmuir model. The Eu adsorption 
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capacity by Cr-MIL-PMIDA was superior to adsorbents such as activated carbon, titanate 

nanotubes and mesoporous molecular sieve (Gad & Awwad, 2007; Sheng et al., 2013; 

Zuo et al., 2011). For instance, maximum adsorption capacity of titanate nanotubes  and 

activated carbon for Eu uptake was found to be  45.43 mg/g  and 46.6 mg/g respectively 

(Gad & Awwad, 2007; Sheng et al., 2013). Findings from Langmuir isotherm was used 

to calculate the separation factor (RL). RL value provides an indication whether adsorption 

is favourable (0 < RL < 1), unfavourable (RL > 1), irreversible (RL =0) or linear (RL = 1) 

(Hu et al., 2017; Meroufel et al., 2013).  RL value was observed to be 0.017 < RL < 0.21 

for the range of initial concentrations adopted in the study. This suggests highly 

favourable uptake of Eu on Cr-MIL-PMIDA, especially at high initial concentrations.

Figure 4.6: Isotherm modelling for adsorption of Eu on Cr-MIL-PMIDA

(0.01 g of adsorbent dose in 50 ml for 24 hr equilibrium time, pH = 5.5 ± 0.5)
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Table 4.4: Adsorption Isotherm parameters 

Langmuir Freundlich Sips 

Qm (mg/g) 
KL  

(L/mg) 
R2 

KF  

(g1-n Lng-1) 

n R2 Qm (mg/g) 
b  

(L/mg) 
n R2 

69.14 1.77 0.99 35.46 4.11 0.94 69.87 1.67 1.06 0.99 

 

4.7.2 Adsorption Kinetics 

Adsorption of Eu at varying time intervals were recorded and fitted to kinetic models to 

obtain parameters. Non linear curves of the three models fitted with experimental data 

are illustrated in Figure 4.7 and rate constants obtained from kinetic models are 

summarised in Table 4.5. Pseudo 2nd order model produced the better fit (R2 > 0.96) for 

both sets of samples which confirms that adsorption is controlled by chemical interaction 

between the adsorbent and adsorbate (Zhao et al., 2020). However, rate constants 

calculated from pseudo equations are unique to experimental conditions used in the study 

(Ryu et al., 2019). In contrast, surface diffusion model (SDM) is applicable for varying 

experimental conditions such as initial adsorbate concentrations, adsorbent amounts and 

solution volume etc. SDM assumes that pore diffusion is negligible and intraparticle 

diffusion is a result of surface diffusion exclusively (Souza et al., 2017). Crank-Nicolson 

method was used for numerical analysis and experimental data fitted well with SDM (R2 

> 0.94).  
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Equilibrium time for uptake of Eu per the kinetic models developed in this study show 

that 94% of adsorption capacity is reached within 2 hours of contact time. Data from 

kinetic models indicate that uptake of Eu ions is first carried through rapid surface 

adsorption followed by chemical bonding of adsorbate with functional groups, where 

chemisorption is the rate limiting factor. At lower initial concentrations, the concentration 

gradient between the bulk Eu solution and the adsorbent surface is higher. This can lead 

to increased mass transfer limitations if the adsorbate molecules have to diffuse through 

a boundary layer surrounding the adsorbent particles. In cases where adsorption is 

diffusion-controlled, a higher diffusion coefficient would generally result in faster mass 

transfer of the adsorbate to the adsorbent surface. This, in turn, could lead to higher 

adsorption rates, especially at lower initial concentrations. Additionally, adsorption 

occurred at a faster rate compared to other adsorbents under similar experimental 

conditions for REE recovery, such as Fe3O4@SiO2(TMS-EDTA), Magnetide@ MOF 

composite, Zeolitic Imidazolate Frameworks (ZIF) and graphene oxide (Dupont et al., 

2014; Elsaidi et al., 2018; B. Hu et al., 2017; Jiang et al., 2016). For instance, REE 

recovery using ZIF required 24 hours (Jiang et al., 2016). The study conducted by Hu et 

al. (2017) demonstrated that grafted mesoporous silica has an equilibrium time of 45 mins 
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for adsorption of REE. Yet, the material had significantly lower adsorption capacity (8.57 

mg/g) compared to Cr-MIL-PMIDA (69.14 mg/g). Hence Cr-MIL-PMIDA can be rated 

as a highly effective and efficient adsorbent for Eu uptake. 

Figure 4.7: Kinetic adsorption studies for Eu adsorption on Cr-MIL-PMIDA  

(0.01 g of adsorbent suspended in 50 ml for 10 mg/l and 20 mg/l initial concentrations, 

pH = 5.5 ± 0.5) 

 

Table 4.5: Kinetic adsorption parameters for adsorption of Eu on Cr-MIL-PMIDA 

Initial 

Concentration 

of Eu 

Pseudo 1st Order Pseudo 2nd Order Surface Diffusion Model 

Qe (mg/g) k1 (h-1) R2 Qe (mg/g) 
k2 

(g/mg·h) 
R2 

ks 

(m/h) 
Ds (m2/h) R2 

20 mg/l 60.40 11.18 0.82 61.73 0.11 0.98 
2.4 x10-5 3.0 x10-17 

0.94 

10 mg/l 50.40 14.34 0.88 49.75 0.21 0.96 0.95 

 

4.8 Selective recovery of REE from leached mine ore 

The practical application of selectively recovering Eu with Cr-MIL-PMIDA from leached 

zinc mine ore was evaluated. The zinc mine ores consist of high concentration of various 

transition metals and multivalent ions (mainly Ca, Mg, Zn, Al, Mn, Fe) with REE as a 

by-product (predominantly Eu) as listed in detail in Table 4.6. The mine ore leaching 

procedure is schematically represented in Figure 4.8.  A concentrated solution was 

leached from the mine ore, representing the recovery of REE from a by-product of zinc 

mine ore leaching. The solution pH was adjusted to an optimum pH of 5.5±0.5 as per the 
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earlier studies. Upon pH change, changes in the concentration of metals in the leachate 

was observed (Table 4.6). This is primarily because of precipitation of metals such as Al, 

Fe and Mn (Seo et al., 2017). 

 

Figure 4.8: Mine ore leaching procedure 

 

Table 4.6: Concentrations of major elements in initial and pH adjusted leachate 
  

Major Element 

(mg/l) 

Al Ca Fe Mg Mn Zn Eu 

Initial 

Concentration 

(pH 0.5±0.1) 

175.72 288.15 1495.56 3532.26 303.86 203.56 3.98 

Final 

Concentration 

 (pH 5.5±0.5) 

13.87 50.24 35.45 455.71 73.51 88.22  0.94 
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Cr-MIL-PMIDA achieved 85-86% recovery of Eu from mine ore leached solution while 

the uptake of other metals were less than 10% (Figure 4.9a). Comparatively, Cr-MIL-

PMIDA achieved 90-91% recovery with a single Eu solution. The results highlight that 

irrespective of significantly high concentration of competing metals, Cr-MIL-PMIDA 

maintained its selectivity towards Eu. 

In order to understand the specific capacity of Cr-MIL-PMIDA towards selective Eu 

recovery, further experimental works were conducted with a mixture of individual metals 

and Eu in concentration ratios similar to that of the ore leached solution. The results of 

Eu uptake with individual metals by Cr-MIL-PMIDA (Figure 4.9b) showed a similar 

trend of high selectivity as found with mixed mine ore leached solution. In the presence 

of Zn, Eu uptake maintained about 88% recovery while Zn uptake was minimum, at 

around 3%. Likewise, the uptake of Al, Mn and Fe was also minimum at around 1-4%. 

Further, Cr-MIL-PMIDA showed significantly high Eu adsorption with minimum Ca and 

Mg uptake even though significantly high concentration of these elements are found in 

the leached ore solution.  

The same high selectivity of REE over other transition metals were reported by previous 

studies (Callura et al., 2018; Yang et al., 2020; Zhao et al., 2020). Most of these studies 

attributed the selective recovery of REE to the functional group of the adsorbent, such as 

phosphonic, carboxyl, carbonyl groups. This is mainly because these function groups are 

categorized into hard base groups and therefore, they tend to exhibit high selectivity 

towards hard acidic groups such as REE over competing ions. Specifically, the presence 

of different donor species in the same ligand, such is the case with PMIDA creates high 

selectivity towards REE in a multi component solution (Reddy et al., 1999). It is also 
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noteworthy to highlight  that Cu demonstrates high chelating effect with amine groups on 

the adsorbent, resulting in high Cu adsorption (Ryu et al., 2019). The low Cu uptake 

recorded in this study confirms the presence of relatively low number of amine groups on 

the adsorbent, which can be attributed to successful reaction between the amine and 

PMIDA groups during the co-synthesis process. Furthermore, heavy trivalent REE such 

as Eu display a tendency of higher uptake over lower valent cations due to favourable 

binding with functional groups (Zhao et al., 2017). This may explain the reason for the 

significantly higher recovery of Eu compared to divalent cations with lower molecular 

weight such as Ca, Mg, Cu, Mn, and Zn.  

The selective recovery of Eu in the presence of Al and Fe is anticipated to be challenging, 

given the similar trivalent comparability of these metals and REE in acidic condition. 

However, at pH of 5.0 and above, these two metals predominate as hydroxylate species 

and precipitate (Seo et al., 2017; Zhao et al., 2007). Likewise, only minimal uptake of Al 

and Fe (1-2%) was observed even in high concentrations of Al and Fe (250-450 mg/g), 

while the recovery of Eu was maintained at 80%.  

Selective recovery of REE from leached mine ore at optimum pH of 5.5 was still strongly 

maintained by Cr-MIL-PMIDA. These results established the favourable capacity of 

MOF to be applied for selective recovery of REE from leached mine ores containing high 

concentration of transition metals as well as alkaline divalent cations.  
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Figure 4.9: Selective recovery of Eu from: a) leached mine ore solution b) transition 

metals in binary mixture (model solution) (pH = 5.5 ± 0.5)

4.9 Mechanism of selective REE recovery by Cr-MIL-PMIDA

REEs such as Eu are typically characterized as strong acids and naturally they have an 

affinity towards Lewis bases. Cr-MIL-PMIDA consist of functional PMIDA and residual 

NH2 groups, which are hard Lewis bases. In line with this, Figure 4.5 shows that pH 

increment resulted in increased negative surface charge of Cr-MIL-PMIDA which 

enhanced electrostatic adsorption of trivalent, positively charged Eu. This confirms 

optimum pH value of 5.5±0.5 created a favourable condition for the deprotonation of 

functional groups (phosphonic, carboxyl, carbonyl and amine) on the adsorbent surface, 

resulting in the removal of H ions and an increase of negative surface charge, which in 

turn, significantly increased Eu uptake. Correspondingly, a reduction of the initially set 

pH was observed. For lower initial pH (2-4), the final pH reduced only by 0.1-0.2, while 

for higher initial pH values (5-6), the equilibrium pH reduction was significantly higher 

(0.8-1.1). This can be attributed to the removal of H ions from the functional groups with 
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the increase in Eu uptake. Based on this understanding, the interaction of REE with Cr-

MIL-PMIDA may likely be represented as shown in Figure 4.11. 

Based on the depiction in Figure 4.11, both PMIDA and NH2 functional groups should 

contribute toward the adsorption of REE. Likewise, the FT-IR analysis of the pristine Cr-

MIL-PMIDA (Section 3.2.4) confirmed the presence of carboxylic, phosphonic and 

amine groups. Hence, the uptake of Eu at optimum pH could be attributed to strong 

coordinated affinity of these ligands with trivalent Eu. However, in comparing the Eu 

uptake of Cr-MIL-PMIDA and Cr-MIL-NH2 in a mixed solution (Figure 4.10), while Cr-

MIL-PMIDA exhibited the capacity of maintaining a high recovery of Eu over 

transitional metals, Cr-MIL-NH2 did not show the similar selectivity pattern.  This result 

suggests that high selectivity of Eu in a mixed metal solution by Cr-MIL-PMIDA is 

predominantly due to the presence of phosphonic and carboxylic groups. 

 

 

 

 

 

 

Figure 4.10: Adsorption recovery of Eu3+ over competing ions on Cr-MIL-PMIDA and 

Cr-MIL-NH2 
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A detailed FT-IR examination of the pristine and Eu loaded Cr-MIL-PMIDA (Cr-MIL-

PMIDA/Eu) at pH 5.5 was performed to understand the selective Eu adsorption 

mechanism of Cr-MIL-PMIDA. After Eu adsorption, the peak at 2938 cm-1, which 

represents the P-OH stretching band, split into a doublet (Figure 4.12a). It suggests that 

Eu interact with phosphonic acid group present on the adsorbent and change the stretching 

symmetry of the phosphonic group (Nakamoto, 2006a). Furthermore, the vibration bands 

assigned to the phosphonic (-HPO3
-) stretching modes (1140 – 918 cm-1) showed subtle 

shifts to lower frequencies after the adsorption (Figure 4.12c). It is generally accepted 

that coordination of metal ion to the functional groups such as carboxylate or phosphonic 

groups shifts the peak positions to the lower frequency (Nakamoto, 2006a). Hence, the 

observation of the subtle red-shifts supports the chelation of the Eu ions to the phosphonic 

group.  

Similar trend was shown in the infrared absorption bands of carboxylic groups. The 

carbonyl peak appeared as a shoulder at 1650 cm-1 and the carboxylic peak at 658 cm-1 

disappeared and shifted post adsorption, respectively, which indicate a strong 

complexation of Eu(III) to the carboxylate group (Figure 4.12b, d). Interestingly, the other 

peak assigned to the carbonyl group from amide bond (1618 cm-1, Figure 4.12b) remained 

unchanged before and after the Eu loading indicating the amide group did not participate 

in the adsorption. Also, the broad N-H stretching peaks shown in 3500 – 3250 cm-1 before 

and after adsorption are largely the same (Figure 4.4) which confirms that the N-H does 

not interact with Eu.  

The differences in Eu interaction between the functional groups are ascribed to the pKa 

values. pKa values of the primary alkyl phosphonic acid (-H2PO3), alkyl carboxylic acid 
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(-COOH) and alkyl amide (-CONH) are ~2, ~4, and >10, respectively (Perrin et al., 1981; 

W. Zhang et al., 2019). At pH 5.5, we expect that primary phosphonic group and 

carboxylic group are fully deprotonated while the amide group is still protonated (Arai & 

Sparks, 2001). Hence, the Eu ions predominantly form coordination structures with 

phosphonate and carboxylate groups. Especially, previous reports revealed that the 

Eu(III) selectively coordinates with phosphonic acids in solutions with the presence of 

other competing ions (Wehbi et al., 2020). Thus, we speculate that the strong affinity of 

Eu(III) to phosphonic group and synergistic effect of carboxylic group enhanced the 

selectivity factor in PMIDA modified MOF against other metal ions. 

 

Figure 4.11: Schematic diagram of proposed adsorption mechanism  
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Figure 4.12: FT-IR spectra of Cr-MIL-PMIDA before and after Eu adsorption

To further investigate the adsorption mechanism, X-ray photoelectron spectroscopy 

(XPS) was performed before and after the adsorption of Eu. In the XPS survey (Figure 

4.13a), the Eu 3d peaks appeared at binding energy (EB) region of approximately 1150 

eV, which clearly indicates that Eu ions are adsorbed on the Cr-MIL-PMIDA. In the high-

resolution scan of P 2p region (Figure 4.13b, c), an additional peak at 136.2 eV appeared 

after the Eu3+ adsorption. This observation is in a good agreement with the previous 

literature that reports Eu3+ coordination with phosphonic acid-functionalized mesoporous 

silica.(Zhang et al., 2014) In the Eu 3d regime shown in Figure 4.13d, e, two doublet 

peaks appeared after the adsorption of Eu3+. The peak positions of the Eu 3d appeared at 

(1164.7/1134.6 eV) are in a good agreement with the reported values (1165.1/1135.1 eV), 

respectively, confirming that Eu3+ are predominantly coordinated with phosphonic acid 

groups in bidentate motif.
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Figure 4.13: XPS analysis of the Cr-MIL-PMIDA before and after the adsorption of 

Eu3+ 

 

Table 4.7 summarises performance of different adsorbents used for selective recovery of 

Eu. Huang et al. (Huang et al., 2019) states that uptake of Eu on graphene based 

macrostructure (GOCS) is due to inner sphere surface coordination of Eu3+ with 

functional groups containing oxygen (-COOH) and nitrogen (-NH2). Surface modified 

mesoporous silica with sulfamic and sulfonic ligands managed to  recover 30% of Eu in 

a mix solution with –OH bond being the favourable site for bonding (Dolatyari et al., 

2016). Dousti et al. (2019) highlighted that selective adsorption of Eu is heavily 

influenced by the presence of Fe (III) with uptake of Eu on SBA-15/SO3H drastically 

decreased from 86% to 30% in the study. This confirms the complications of selective 

recovery REEs when higher valent cations are competing for adsorption sites. When 

comparing the functional groups used in previous studies, carboxyl, amine, sulfonic and 
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sulfamic ligands proved to be less effective in selectively recovering Eu from mixed metal 

solutions. This reiterates phosphonic and carboxylic groups in Cr-MIL-PMIDA is mostly 

responsible for the high selectiveness towards REE.  

 

Table 4.7: Performance Comparison of adsorbents used for selective recovery of Eu  

Adsorbent pH 

Adsorption 

Capacity 

(mg/g) 

Competing 

Metals/Ions 

Eu 

selectivity 

(%) 

Ref 

Cr-MIL-PMIDA 5.5 69.14 

Na, Mg, Al, Ca, 

Mn, Fe, Co, Ni, 

Cu, Zn 

85 
This 

study 

Cr-MI-NH2 5.5 - 
Na, Ca, Mn, Co, 

Ni, Cu, Zn 
12.3 

This 

study 

Graphene-Based Macrostructure  6.0 136.99 
ReO4

-, Na, Sc, 

Sr, Co, UO2, Th 
50 

(Huang et 

al., 2019) 

SBA-15 Mesoporous Silica  4.0 15.20 

Th, Ba, Cu, Pb, 

Co, Ni, Mn, Cd, 

Cr, Fe, U 

30 

(Dolatyari 

et al., 

2016) 

SBA-15/SO3H 4.0 8.60 

Na, Mn, Ni, Co, 

Cd, Pb, Cu, Cr,  

Fe, Th, U 

26 
(Dousti et 

al., 2019) 

TiO2 4.5 2.69  - - 
(Tan et 

al., 2009) 
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4.10 Reusability Studies 

The stability of Cr-MIL-PMIDA structure was first analyzed over five 

adsorption/desorption cycles using 5mg/l synthetic Eu solution. Cr-MIL-PMIDA retained 

over 95% of the initial adsorption capacity in recovering Eu after 5 cycles (Figure 4.14). 

This reflects the high reusable capacity of Cr-MIL-PMIDA. As explained earlier, 

protonation of functional ligands in acidic conditions creates a repulsive force with Eu 

which results in desorption of ions to the solution.  

 

Figure 4.14: Cyclic adsorption tests for Eu3+ recovery at initial concentration of 5 mg/l 

at pH 5.5 

Sequential adsorption/desorption test was then carried out to pre-concentrate Eu from 

leached mine ore (Table 4.8). The study showed purity of Eu in desorbed solution 

increases from 3.82% to 95.90% after 5 cycles (Figure 4.15). This highlights the capacity 
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of Cr-MIL-PMIDA in preparing concentrated Eu solution from leached mine moving 

towards industrial application. 

 

 

Figure 4.15: Sequential adsorption for pre-concentration of Eu from leached mine ore 
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Table 4.8: Pre-concentration of Eu from leached mine ore using sequential 

adsorption/desorption 

 

Also, the regenerated solution contained only trace concentration of Cr, N and P (less 

than 0.1 wt%), indicating insignificant leaching of adsorbents chemical contents. 

Likewise, the chemical decomposition of the absorbent upon multicycles of regeneration 

and reuse showed a chemical content of 3.6 wt% of Cr, 4.1% of N, and 3.7% of P, which 

was closely similar to the chemical content of the unused adsorbent (Table 4.3). These 

results established the chemical stability of the Cr-MIL MOF.  

 

4.11 Summary 

A chromium-based metal-organic framework was synthesized and modified with N-

(phosphonomethyl) iminodiacetic acid (PMIDA) in this study to selectively recover REE 

(Europium, Eu) from chemically complex zinc ore leachate. The adsorbent was 

    

Mg 
(mg/l) 

Al 
(mg/l) 

Ca 
(mg/l) 

Mn 
(mg/l) 

Fe 
(mg/l) 

Co 
(mg/l) 

Ni 
(mg/l) 

Cu 
(mg/l) 

Zn 
(mg/l) 

Eu 
(mg/l) Eu Purity (%) 

1st 
Cycle 

Initial (pH 5.5) 
452.45 15.37 42.84 91.60 51.93 0.01 0.01 0.61 87.07 0.857 

 

Desorbed Solution (pH 2.0) 
3.050 1.969 2.458 4.348 5.317 0.000 0.000 0.011 2.212 0.768 

3.82 

2nd Cycle Initial (pH 5.5) 1.251 0.687 1.426 1.164 2.260 0.000 0.000 0.007 0.592 0.510  

Desorbed Solution (pH 2.0) 0.002 0.089 0.114 0.082 0.203 0.000 0.000 0.000 0.002 0.464 48.55 

3rd Cycle Initial (pH 5.5) 0.001 0.057 0.073 0.052 0.131 0.000 0.000 0.000 0.001 0.406  

Desorbed Solution (pH 2.0) 0.001 0.031 0.040 0.028 0.071 0.000 0.000 0.000 0.001 0.355 67.38 

4th Cycle Initial (pH 5.5) 0.000 0.011 0.010 0.015 0.024 0.000 0.000 0.000 0.000 0.308  

Desorbed Solution (pH 2.0) 0.000 0.004 0.004 0.006 0.010 0.000 0.000 0.000 0.000 0.280 91.64 

5th Cycle Initial (pH 5.5) 0.000 0.002 0.001 0.004 0.003 0.000 0.000 0.000 0.000 0.217  

Desorbed Solution (pH 2.0) 0.000 0.001 0.001 0.003 0.002 0.000 0.000 0.000 0.000 0.185 95.90 
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characterized and comprehensively examined for Eu uptake as a function of adsorbate 

concentration, contact time, and pH of the solution. 

• Cr-MIL-PMIDA showed a maximum adsorption capacity of 69.14 mg/g at pH 5.5 

while adsorption kinetics best fitted pseudo second order model.  

 

• Furthermore, the Cr-MIL-PMIDA showed exceptional selectivity (88%) towards 

Eu over competing transitional metal ions (Na, Mg, Al, Ca, Mn, Fe, Ni, Cu, Co, 

Zn) found in dissolved mine ore.  

 

• High selectivity towards REE was attributed to the formation of coordinative 

complexes with grafted carboxylate, phosphonic and residual amine functional 

groups. 

• Cr-MIL-PMIDA demonstrated excellent structural stability over multiple 

regeneration cycles 

 

While the ease of synthesizing Cr-MIL-PMIDA and its high stability (multiple 

regenerative cycles) for selective REE is promising, further work on continuous column 

and detail economic cost of Cr-MIL MOF is necessary to establish its commercial and 

practical application for REE application. Next chapter discusses continuous column 

experiments conducted with granulated Cr-MIL-PMIDA. 
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CHAPTER 5 

 

 

EUROPIUM ADSORPTION BY GRANULATED CR-MIL-PMIDA 

METAL−ORGANIC FRAMEWORKS AND DYNAMIC FIXED BED COLUMN 

MODELLING 

 

 

 

*This chapter is based on the following journal publication  

Fonseka, C.; Ryu, S.; Naidu, G.; Thiruvenkatachari, R.; Kandasamy, J.; Vigneswaran, S. 

Europium adsorption by granulated Cr-MIL-PMIDA Metal−Organic Frameworks and 

dynamic fixed bed column modelling. Journal of Water Process Engineering, 56, 

104475. doi: https://doi.org/10.1016/j.jwpe.2023.104475 
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5 Introduction 

Cr-MIL-PMIDA exhibits high adsorption capacity and selectivity towards REE due to 

the presence of carboxylate and phosphonic groups. However, the practical application 

of this promising material, particularly in terms of granulation and its use in continuous 

column systems, remains unexplored (Fonseka et al. 2021). The powdered form of porous 

adsorbents possesses inherent disadvantages in industrial applications, including 

handling difficulties, high pressure drop in fixed bed column systems, and low volumetric 

efficiency (Liu et al. 2021). Therefore, the granulation of Cr-MIL-PMIDA without 

compromising its inherent properties represents a significant step towards industrializing 

this promising material. 

In this study, granulation of functionalized chromium-based Metal Organic Framework 

was carried out for the first time using alginic acid as a binding agent and CaCl2 as a 

cross-linking agent. Use of sodium alginate and a CaCl2 solution as a granulation method 

for powdered adsorbents is supported by their ability to create uniformly encapsulated, 

mechanically stable, and controlled-release granules (Ryu et al., 2021). This technique 

provides a versatile and efficient approach with benefits ranging from process simplicity 

to enhanced adsorption performance. Sodium alginate possesses remarkable gelling 

properties when exposed to divalent cations like calcium ions (Sosa Lucio et al., 2023). 

When sodium alginate is mixed with a CaCl2 solution, it undergoes a gelation process, 

forming a three-dimensional matrix that encapsulates the powdered adsorbent. This 

matrix structure facilitates controlled granule formation. The ionic bond between sodium 

alginate and calcium ions is strong and efficient, resulting in robust bonding between the 
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adsorbent particles and the gel matrix. This strong binding minimizes the risk of granule 

disintegration during subsequent handling, storage, and usage (Ryu et al., 2021).  

The aim of this study was to analyze the adsorption capacity, kinetics, and selectivity of 

the granulated Cr-MIL-PMIDA. Additionally, a suitable mathematical model was 

developed to predict the breakthrough curve in a single-component fixed bed column 

system under various operational conditions. Column experiments (upward flow) were 

conducted to simulate adsorption trends at different flow rates, adsorption column 

heights, and influent concentrations. The dynamic column modelling employed in this 

study serves not only to assess the performance of granulated Cr-MIL-PMIDA in 

continuous systems but also to determine optimal design conditions for real-world 

applications. 

 

5.1 Experimental method 

5.1.1 Materials 

Granulated Cr-MIL-PMIDA was analysed for adsorption of Europium (Eu) in this study.  

All chemicals used for synthesis of the adsorbent are given in chapter 3. 

A pre-determined amount of Europium(III) nitrate pentahydrate (Eu(NO3)3· 5H2O, 

99.9%) and Milli Q water from Millipak Express 40 Filter (0.22 µm membrane filter, 18 

M Ωcm) to prepare single component Eu solutions for batch and column tests. Potassium 

hydroxide (KOH, 98%, Sigma Aldrich) was used for pH correction, while 0.1M HCl was 

used for regeneration of adsorbent. Na2SO4·10H2O (99%), MgSO4·3H2O (99%), 

CaSO4·2H2O (99%), CuSO4·5H2O (99%), Ni(NO3)2·6H2O (99%),  ZnSO4·7H2O (99%) 
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and Eu(NO3)3·5H2O (99.9%) were dissolved in Milli Q water to prepare synthetic AMD 

solution for selective adsorption tests. Potassium hydroxide (KOH, 98%, Sigma Aldrich) 

was used was used to adjust the initial pH to 5.5 ± 0.1. All chemicals used in this study 

were purchased from sigma Aldrich. 

 

5.1.2 Granulation of Cr-MIL-PMIDA 

First, powdered Cr-MIL-PMIDA was synthesised as described in chapter 4. Modified 

chromium based metal organic framework was granulated using sodium alginate and 

calcium chloride solutions (An et al., 2015; Ryu, Naidu, et al., 2021). 1 g of powdered 

Cr-MIL-PMIDA was first added to 10 ml of 1.5% sodium alginate solution. The mixture 

was then loaded to a 50 ml syringe and gently trickled down to 0.05M CaCl2 solution 

with gentle stirring (100 rpm). Granulated material (with a diameter of 2.0 ± 0.1 mm) was 

then sieved and dried at 70°C for 12 hours.     

5.2 Adsorption study 

5.2.1 Equilibrium 

Equilibrium adsorption experiments were conducted with 0.01g of powdered Cr-MIL-

PMIDA and 0.012g of granulated Cr-MIL-PMIDA using beakers containing 50 ml Eu 

solutions at optimum pH 5.5 ± 0.1 reported in a previous study (Fonseka et al., 2021). 

Beakers were placed in a flat shaker at room temperature (24 ± 1 °C) for 24 h to reach 

equilibrium. Initial concentrations ranging from 2.5 mg/l to 30 mg/l  were selected 

considering low concentrations of Eu found in acid mine drainage (Olias et al., 2018). 



97 

 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Agilent 7900, US) was used 

to measure initial and equilibrium Eu concentrations.  

Surface diffusion model (SDM) was developed to further analyse adsorption mechanism 

(Suzuki & Suzuki, 1990). According to Inglezakis et al. (2019), adsorption from liquid 

phase onto a porous solid occur in three steps. Which are 1) diffusion from fluid to 

external surface of adsorbent (film diffusion), 2) mass transfer from external surface to 

the solid phase (Intraparticle diffusion) and finally 3) physical/chemical bonding with 

active sites.  Since pseudo models neglect film diffusion and Intraparticle diffusion, 

surface diffusion model is considered to be a realistic  method to predict adsorption 

kinetics (Souza et al., 2017). Equation for surface diffusion model are given below. 

Surface Diffusion Model (SDM):   ∂q

∂t
=

1

r2

∂

∂r
(r2Ds

∂q

∂r
)  (5-1)  

Boundary conditions: 

Kf(C − Cs) = Dsρp
∂q

∂r
     at    r = Rp      (5-2) 

∂q

∂r
= 0    at    r = 0         (5-3)  

where C𝑠 : concentration of Eu (mg/l), 𝐷𝑠: effective surface diffusion coefficient (m2/s), 

Kf: film transfer coefficient (m/s) and r: radial distance of the spherical particle (m). 

Orthogonal collocation method was adopted to solve equation  

Surface Diffusion Model  (McKay, 2001):  ∂q

∂t
=

1

r2

∂

∂r
(r2Ds

∂q

∂r
)   (5-4)  
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5.2.2 Selective adsorption studies 

The aim of the experiment was to compare the selectivity of Cr-MIL-PMIDA in powder 

and granulated forms. Table 5.1 summarises the chemical composition of synthetic AMD 

used for selective adsorption batch tests, which was based on previous studies that 

reported concentrations of REE in AMD (Fonseka et al., 2022; K. L. Lecomte et al., 

2017). Synthetic AMD solution was first prepared at optimum pH of 5.5 ± 0.1. Two sets 

of experiments with 0.01 g of powdered Cr-MIL-PMIDA and 0.01g of granulated Cr-

MIL-PMIDA were conducted, with each mixed with 50 ml of feed solution. To achieve 

equilibrium, the samples were stirred on a flat shaker for 24 hours at room temperature 

(24 ± 1 ℃). Samples were then filtered, and the initial and residual concentrations of 

dissolved elements were analyzed using ICP-MS (Agilent 7900, USA). Selectivity of the 

adsorbent towards Eu and other dissolved metals were calculated using the following 

equation. 

Recovery efficiency (%): 𝐶0−𝐶𝑡

𝐶0
× 100   (5-5) 

Table 5.1: Chemical composition of synthetic AMD for selective adsorption batch tests 

Parameters Concentration, mg/l 

Initial pH 4.8 ± 0.1 

Na 100.0 ± 1.0 

Mg 300.0 ± 1.0 

Ca 150.0 ± 1.0 

Ni 5.0 ± 0.2 
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Cu 100.0 ± 1.0 

Zn 100.0 ± 1.0 

Eu 0.5 ± 0.2 

 

5.2.3 Column experiment 

Fixed bed column adsorption experiments were carried out to evaluate Eu adsorption on 

granulated Cr-MIL-PMIDA. Experiments were carried out using an acrylic filter column 

with an inner diameter of 0.01m and length 0.1m (Figure 5.1). Granulated adsorbent was 

packed in the column supported on glass beads for homogeneous distribution of flow 

across the column. The flow rate of Eu solution was regulated using a gear pump 

(Shahbazi et al., 2013). At the start of the experiment, milli Q water was pumped through 

the column to allow granulated adsorbents to become saturated. Samples were collected 

at different time intervals and they were analysed using ICP MS (Agilent 7900, USA) to 

determine the temporal variation of residual Eu concentration. The experiment was 

carried out at room temperature (24 ± 1 ℃). 
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Figure 5.1: Fixed bed column adsorption experimental setup 

There are several numerical models which are currently used in fixed bed column studies 

to simulate breakthrough curves (Chu et al., 2020; Cruz-Olivares et al., 2013; Ryu, Naidu, 

et al., 2021). Yoon-Nelson (YN) model, bed depth service time (BDST) model and 

Thomas (Th) are simple models that fit well with experimental results (Cruz-Olivares et 

al., 2013). In a fixed bed column, mass transfer becomes pivotal since the system is 

continuously moving away from the asymptotic limit. Therefore,  mass transfer model is 

necessary to calculate solute transport parameters with few general assumptions (Ryu, 

Naidu, et al., 2021).  

Linear driving force approximation (LDFA) is used in this study to describe adsorption 

in a continuous flow fixed bed column. Inglezakis et al. (2018) has mentioned that LDFA 

model is widely applied due to its simplicity and consistency. In this study, two 



101 

 

dimensional mass balance was described using the plug flow model shown in equation 

11 (García-Mateos et al., 2015). 

−DL
∂2C

∂z2 +
∂(vC)

∂z
+

∂C

∂t
+ (

1−ε

ε
)

∂q

∂t
= 0      (5-6) 

where, C = Eu concentration, 𝑣=superficial velocity, 𝐷𝐿= axial dispersion coefficient, L 

= length of column and 𝜀 = bed porosity. Following are the Initial boundary conditions 

used to solve above equation (Lin et al., 2017). 

C = C0 at  z = 0 and t = 0        (5-7) 

C = 0  when 0 < z < L and t = 0       (5-8) 

DL
∂C

∂z
= −v(C0 − C) when z = 0  and t > 0     (5-9) 

∂C

∂Z
= 0 when z = L and t = 0         (5-10)  

 Wakao and Funazkri (1978) equation was used to determine the external film 

mass transfer coefficient (kf) of the fixed bed system (da Luz et al., 2018). 

kf =
Dm

2Rp
(2 + 1.1Re0.6Sc0.33)       (5-11) 

Re =
2Rpvsρf

μ
          (5-12) 

Sc =
μ

Dmρf
          (5-13) 

where, Re = Reynold’s number, Sc = Schmidt number, 𝑣𝑠  = superficial velocity, 𝜇 = 

viscosity of fluid (0.00089 kgm-1s-1 and 𝜌𝑓 = density of fluid (1000 kg/m3). Wilke-Chang 

equation was used to determine 𝐷𝑚 (molecular diffusivity) as previously reported (Ryu 

et al., 2021). 
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Dm = 7.4 x 10−8 √∅Mb x T

μVa
0.6         (5-14) 

Va =
M

ρ
−

(ρ−ρ0)

mρρ0
   (Gomaa et al., 2017)     (5-15) 

where, Mb = molecular weight of Eu, ∅ = association factor, T = temperature (K), Va = 

molecular volume at boiling temperature, M = molarity of solute (mol/kg), m = relative 

molar mass (kg/mol), ρ = density of solution (g/cm3) and ρ0 = density of solvent (g/cm3).   

 

5.3 Results and discussion 

5.3.1 Characterization of adsorbent 

Crystal structure 

The XRD pattern of the powdered Cr-MIL-PMIDA exhibited similar peaks to those 

reported in previous studies, confirming the successful synthesis of the adsorbent 

(Fonseka et al., 2021; Lee et al., 2018). As depicted in Figure 5.2, the granulated material 

retained the peak in the 2θ = 8°-10° region, indicating that the crystal structure of Cr-

MIL-PMIDA remained intact during the granulation process. Therefore, the successful 

granulation of the material was achieved in this experiment. An additional peak in the 2θ 

= 16°-18° region is visible, which could be attributed to the presence of Sodium Alginate 

(NaC6H7O6) in the granulated adsorbent, as previously reported (Jana et al., 2015). 
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Figure 5.2: XRD patterns of a) powdered Cr-MIL-PMIDA, b) granulated Cr-MIL-

PMIDA before adsorption and c) after adsorption 

Chemical properties (FTIR) 

To confirm the successful synthesis, FT-IR spectra analysis was conducted on the 

powdered Cr-MIL-PMIDA, as well as the granulated Cr-MIL-PMIDA before and after 

adsorption. Figure 5.3 illustrates that the chemical structure of Cr-MIL-PMIDA remained 

intact after granulation. Notably, peaks in the 1140-920 cm-1 range indicate the presence 

of P-O stretching, which plays a crucial role in the selective adsorption of Eu (Fonseka et 

al., 2021; Kavun et al., 2021; Lee et al., 2018). Additionally, peaks in the regions of 1400 

cm-1 and 2900 cm-1 correspond to the vibration bands of N-H and P-OH, respectively. 

No additional peaks were observed compared to the powdered material, confirming that 

sodium alginate merely acted as an adhesive agent for forming spherical granules. 
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Figure 5.3: FTIR analysis of a) powdered Cr-MIL-PMIDA, granulated Cr-MIL-PMIDA 

b) before adsorption and c) after adsorption

Surface area and pore size distribution

Nitrogen adsorption/desorption isotherms of granulated Cr-MIL-PMIDA before and after 

adsorption are shown in figure 5.4. In comparison to powdered Cr-MIL-PMIDA, the 

granulated material exhibited a significantly lower N2 adsorption capacity (Fonseka et al., 

2021). This decrease can be attributed to pore blocking caused by the cross-linking of 

sodium alginate with calcium ions, resulting in the formation of insoluble calcium 

alginate on the surface of the adsorbent. However, it was observed that the hysteresis 

pattern was well-maintained after modification, indicating that the mesoporous structure 

of the adsorbent remained unaffected by the granulation process. Additionally, the N2

adsorption further decreased after adsorption, confirming that the adsorption of Eu led to 

further blockage of the free pores in the material.
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The physical properties of the adsorbents, as summarized in Table 5.2, indicates a 

significant decrease in the BET surface area and pore volume following granulation. The 

BET surface area decreased from 1040 m2/g to 624 m2/g, while the addition of sodium 

alginate to achieve a spherical shape slightly reduced the pore volume compared to the 

powdered form. However, the mean pore diameter remained consistent, as the granulation 

process did not affect the size of the pores in the adsorbent.

Figure 5.4: Nitrogen adsorption/desorption isotherm graphs of (a) Granulated Cr-MIL-

PMIDA before adsorption and (b) Granulated Cr-MIL-PMIDA after adsorption

Table 5.2: Physical properties of adsorbent

Adsorbent

BET Surface 

Area

Pore 

Volume Mean Pore Diameter

(m2.g-1) (cm3.g-1) (nm)

Cr-MIL-PMIDA Powder 1040 0.72 1.95

Granulated Cr-MIL-PMIDA 624 0.55 2.01
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Surface morphology and element content

Scanning electron microscopy (SEM) was utilized to investigate the structural 

morphology of granulated Cr-MIL-PMIDA. Successful preparation of spherical granules 

with a particle size of approximately 2 mm was achieved, as depicted in Figure 5.5a. The 

SEM image of the adsorbent's surface revealed rough surfaces with layered cracks, 

facilitating increased contact between Eu ions and the adsorption sites, as shown in Figure 

5.5b. These uneven surfaces contributed to a higher adsorption capacity by enhancing the 

contact area between Eu and the adsorbent (Yu et al., 2019). Furthermore, the energy-

dispersive X-ray spectroscopy (EDS) chart of the granulated Cr-MIL-PMIDA after 

adsorption demonstrated the presence of Phosphorus, Chromium, and Oxygen, 

confirming the successful granulation while maintaining the chemical structure of the 

adsorbent, as illustrated in Figure 5.6a and 5.6b. The EDS chart of the loaded adsorbent 

revealed the presence of Eu, confirming the successful adsorption onto the surface of the 

granulated material.

Figure 5.5: SEM-images of granulated Cr-MIL-PMIDA
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5.4 Adsorption study

5.4.1 Equilibrium

The adsorption equilibrium characteristics of powdered Cr-MIL-PMIDA and granulated 

Cr-MIL-PMIDA were analysed using the Langmuir and Freundlich isotherm models 

(Figure 5.7). These models were employed to evaluate the adsorption behaviour and 

establish the relationship between the adsorbate concentration and the adsorption capacity 

of the adsorbent. The experiment was conducted at pH equilibrium (pHeq) of 5.5±0.1, 

which has been identified as the optimal pH for Cr-MIL-PMIDA in previous studies 

(Fonseka et al., 2021; Lee et al., 2018). Deprotonation of phosphonic and carboxyl groups 

in Cr-MIL-PMIDA at high pH values (pH 5.5) was found to significantly enhance the 

adsorption of Eu3+ due to the high negative surface charge (Fonseka et al., 2021).

Figure 5.6: Adsorption Isotherm for (a) Powdered Cr-MIL-PMIDA and (b) Granulated 

Cr-MIL-PMIDA
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According to Table 5.3, both the Langmuir and Freundlich models provided excellent fits 

to the experimental data (R2>0.99), indicating that the adsorbent surface possessed 

homogeneous binding sites. The maximum Langmuir adsorption capacity calculated for 

powdered Cr-MIL-PMIDA was 56.01 mg/g, which is consistent with data reported in the 

literature for the adsorption of rare earth metals on chromium-based metal organic 

frameworks (Fonseka et al., 2021; Kavun et al., 2021; Ryu, Fonseka, et al., 2021). 

However, the maximum adsorption capacity of granulated Cr-MIL-PMIDA dropped to 

31.05 mg/g, representing a 44% reduction compared to the powdered adsorbent. This 

decrease can be attributed to the reduction in surface area, chemical groups, and pore 

volume, as reported in Table 5.2. Ryu et al. (2021) also reported a 41.2% reduction in the 

adsorption capacity for granulated modified SBA15 compared to the powdered product 

when sodium alginate was used as the binding agent. Therefore, the findings of this 

experiment align with the literature, where the loss of surface area is the primary reason 

for the reduction in adsorption capacity for granulated materials. 

Table 5.3: Adsorption isotherm parameters 

 Adsorbent Langmuir Freundlich 

  Qm (mg/g) b (L/mg) R2 KF (g1-nLng-1) n R2 

Cr-MIL-PMIDA Powder 56.0 0.31 0.99 20.1 3.63 0.97 

Cr-MIL-PMIDA Granules 31.1 0.12 0.99 6.4 2.60 0.99 

 

5.4.2 Kinetics 

Kinetic experiments were conducted to study the adsorption of Eu under similar 

conditions as the equilibrium study, using two initial concentrations (10 mg/l and 5 mg/l). 
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Samples were collected at various time intervals up to 24 hours and fitted to three kinetic 

models. As depicted in Figure 5.7, more than 90% of the adsorption occurred within the 

first 4 hours, and equilibrium was reached within 24 hours. 

 

Figure 5.7: Adsorption kinetics for (a) Granulated Cr-MIL-PMIDA and (b) Powdered 

Cr-MIL-PMIDA 

 

All three models provided successful fits to the experimental data. The pseudo 2nd order 

model exhibited a better fit with an R2 value exceeding 0.99 (Table 5.4). According to 

Zhao et al. (Zhao et al., 2020), when kinetic data aligns well with the pseudo 2nd order 

model, the adsorption process is predominantly governed by chemical interactions. 

However, it is important to note that pseudo models are not universally applicable and 

can depend on experimental conditions (Souza et al., 2017). Therefore, in this study, the 

surface diffusion model was adopted to analyse mass transfer in detail. The surface 

diffusion model not only predicts results under different experimental conditions but also 

facilitates the modelling of fixed bed adsorption systems (Ryu, Naidu, et al., 2021). The 
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coefficients for film diffusion (kf) and surface diffusivity (Ds) calculated from the surface 

diffusion model were determined to be 5.50 x 10-5 m/s and 1.50 x 10-17 m2/s, 

respectively. 

 

Table 5.4: Adsorption kinetic parameters of granulated Cr-MIL-PMIDA (Pseudo 1st, 2nd 

and SDM) 

Initial 
Concentration  

of Eu 

Pseudo 1st Order Pseudo 2nd Order 

 

Surface Diffusion Model 

 

Qe (mg/g) k1(s-1) R2 Qe (mg/g) k1(g/mg.s) R2 Kf (m/s) Ds 
(m2/s) R2 

10 mg/l 33.7 6.97 0.97 34.1 0.19 0.99 
5.50 x 
10-5 

1.50 x 
10-17 

0.94 

0.95 5 mg/l 17.6 4.83 0.77 18.9 0.14 0.99 

 

The kinetic data suggest that the uptake of Eu initially occurs through surface adsorption, 

followed by chemisorption. The surface diffusivity (Ds) of the granulated media, as 

calculated in this study, is lower than the value reported for powdered Cr-MIL-PMIDA 

by Fonseka et al.(2021). This can be attributed to the reduced BET surface area of the 

granulated media, which limits the initial rate of surface adsorption. Consequently, the 

adsorption rate of granulated Cr-MIL-PMIDA is lower compared to powdered media 

under similar experimental conditions. 

5.4.3 Selective adsorption studies 

This study aimed to investigate the selective adsorption capacity of granulated Cr-MIL-

PMIDA for Eu. Two experiments were conducted, where 50 ml of synthetic AMD 
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solution was mixed with 0.01g of powdered Cr-MIL-PMIDA and 0.01g of granulated Cr-

MIL-PMIDA, respectively, to compare the selectivity before and after granulation. Figure 

5.9 shows that the selectivity towards Eu slightly decreased from 92% to 83% after 

granulation. The uptake of other competing ions remained below 10% in both cases. The 

minor reduction in Eu uptake on granulated Cr-MIL-PMIDA can be attributed to the 

decreased number of free sites resulting from the loss of pore volume, which correlates 

with a lower quantity of functional groups present on the surface of the granulated media.  

The successful recovery of rare earth elements (REE) is closely associated with the 

presence of functional groups within the adsorbent material, as indicated in prior research 

(Callura et al., 2018; Zhao et al., 2020). These functional groups, including phosphonic, 

carboxyl, and carbonyl groups, have been recognized to play a critical role in the selective 

adsorption process. Due to their classification as hard base groups, they exhibit a strong 

affinity for binding with hard acidic groups such as REE, even in the presence of 

competing ions (Fonseka et al., 2021). Additionally, trivalent Eu ions exhibit a 

preferential binding to available active sites compared to lower valence cations in the 

solution. This characteristic accounts for the high selectivity of Cr-MIL-PMIDA over 

other competing ions. The findings of this study provide evidence that granulated Cr-

MIL-PMIDA can be effectively utilized for selective recovery of REE in various 

industrial applications. 
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Figure 5.8: Selective adsorption of Eu from a multi component solution by powdered 

and granulated Cr-MIL-PMIDA 

 

5.4.4 Cyclic adsorption/desorption 

The reusability or multiple application potential of granulated Cr-MIL-PMIDA was 

assessed through five consecutive adsorption/desorption cycles. In the regeneration 

process, 0.01M HCl served as the stripping agent, followed by a washing step with Milli 

Q water before the subsequent use. The protonation of functional ligands under low pH 

conditions resulted in a positively charged surface of the adsorbent, creating a repulsive 

force that facilitated the desorption of Eu3+ ions into the HCl solution. 
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As depicted in Figure 5.10, granulated Cr-MIL-PMIDA exhibited a retention of over 95% 

of its initial adsorption capacity throughout the five adsorption/desorption cycles. This 

indicates minimal loss of functional groups during the regeneration process. Previous 

studies conducted by Lee et al. (2018) and Fonseka et al. (2021) have also demonstrated 

the high stability of Cr-MIL-PMIDA in repetitive adsorption/desorption cycles. Thus, this 

study confirms that granulated Cr-MIL-PMIDA maintains similar stability and 

effectiveness across multiple applications. 

 

Figure 5.9: Cyclic adsorption tests for Eu3+ recovery at initial concentration of 0.2 mg/l 

at pH 5.5±0.1 
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5.5 Column experiment 

5.5.1 Modelling of single component breakthrough curve 

The LDFA (Linear Driving Force Approximation) model has gained widespread use in 

the modelling of breakthrough curves due to its simplicity and accuracy, as mentioned in 

studies by Kim et al. (2008) and Nguyen et al. (2022). According to the LDFA, the rate 

of mass transfer is directly proportional to the concentration difference between the bulk 

and outer surface of the granulated adsorbent particle, as demonstrated by Ryu et al. 

(2021). 

The coefficients required for the simulation were obtained using equations 5-11 to 5-15 

and are listed in table 5.5. The values of the parameters kf and Ds were derived from the 

surface diffusion model (SDM) utilized in the adsorption kinetic modelling. The LDFA 

model, incorporating the surface diffusion model, successfully described the single-

component breakthrough curves for Eu adsorption in the upward flow (i.e. Influent 

pumped from the bottom) fixed-bed system (Figure 5.1). Initially, the lower layers of the 

fresh adsorbent predominantly adsorb Eu, forming the primary adsorption zone (Patel, 

2019). Consequently, the effluent's Eu concentration is close to zero during this stage, 

resulting in very low C/C0 values. As the bottom layers of the Cr-MIL-PMIDA granules 

become saturated, the primary adsorption zone gradually shifts towards the fresher 

granules at the top. As the adsorption zone continuously moves, Eu tends to breakthrough 

with the effluent at a certain point, commonly referred to as the breakthrough point. Once 

the granules are completely exhausted, the C/C0 value reaches 1, as illustrated in Figure 

5.11. 
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The axial dispersion coefficient was first determined to be 6.00 × 10−5 m2/s for the 

experimental condition given in Figure 5.11. These values were utilized to simulate 

breakthrough curves under different experimental conditions. In this study, multiple 

breakthrough curves were simulated for various system conditions, including initial feed 

concentration, flow rate, and the length of the fixed-bed column. These simulated curves 

were then compared with experimental results to evaluate the accuracy of the model. 

 

 

Figure 5.10: Validation of single component breakthrough curve to calibrate the model 

(Bed Length: 0.1m, Linear velocity 0.637 m/h, R2=0.94) 
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Table 5.5: Parameters used for breakthrough column modelling 

 

 

 

 

 

 

 

 

 

5.5.2 Analysis of the effect of initial concentration 

Figure 5.12a presents the experimental results and breakthrough curve obtained at a linear 

flow velocity 0.637 m/h, bed height of 0.1 m and at 0.4 mg/l initial concentrations of Eu 

to verify the column model. A high R2 value of 0.92 between the simulated and 

experimental data confirmed the accuracy of the model. 

Simulation of the breakthrough curves for initial Eu concentrations between of 0.2 to 0.4 

mg/l at a linear flow velocity of 0.637 m/h, a bed height of 0.1 m is presented in figure 

5.13a. As the initial concentration of Eu is increased, breakthrough curves developed 

sharper profiles and shifted to the left. This resulted in breakthrough times decreasing 

Parameters Value Unit 

Bed length, L 0.1 m 

DL (axial dispersion coefficient) 6.00E-05 m2/s 

Area 7.85E-05 m2 

V (Linear velocity) 0.637 m/h 

C0 (initial concentration in the 

fluid within the column) 
0 mmol/L 

Cin (inflow concentration) 0.001316 mol/m3 

kf 5.50E-05 m/s 

Ds 1.50E-17 m2/s 
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from 24 to less than 12 hours. Exhaustion time was also impacted, as it dropped from 24 

to less than 12 hours upon doubling the influent Eu concentration. The diffusion process 

of Eu uptake onto the granulated Cr-MIL-PMIDA caused by steeper adsorbate 

concentration gradients was the primary cause of the observed changes in the 

breakthrough and exhaustion curves (García-Mateos et al., 2015; Nguyen et al., 2022; 

Ryu et al., 2021).  

 

5.5.3 Analysis on the effect of flowrate 

At a bed height of 0.1 m, an initial Eu concentration of 0.2 mg/l, and a linear flow velocity 

of 0.796 m/h, a column experiment was carried out and the results are depicted in Figure 

5.12b. The R2 value of 0.92 shows that the experiment's data fits well with the simulation 

model. Simulation of breakthrough curves at higher flowrates in figure 5.13b shows that 

the breakthrough times were shortened and the curves became steeper, indicating rapid 

saturation post-breakthrough. This is likely due to the shorter contact time between the 

adsorbate and adsorbent not being sufficient to reach equilibrium for granulated Cr-MIL-

PMIDA (Lin et al., 2017). When the simulation model was run at a slower linear flow 

velocity of 0.478 m/h, the breakthrough time was shifted to the right and the slope of the 

curve was made shallower and the breakthrough time was longer. This indicates that the 

saturation period was longer. 
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5.5.4 Analysis on the effect of bed height 

The depth of granulated adsorbent bed was found to be an important factor as shown by 

simulation curves in Figure 5.13c. To prove the model's accuracy, an experiment was 

conducted, with an inflow of 0.2 mg/l Eu, flow rate of 0.637 m/h and a bed depth of 7.5cm 

(Figure 5.12c). The outcomes were consistent with the simulation model (R2=0.94). 

Figure 5.12c demonstrated that the curves shifted to the right and had higher breakthrough 

depths as the bed was increased from 7.5 cm to 12.5 cm, indicating that a larger assembled 

adsorbent yielded more binding sites for the Eu ions. Brion-Roby et al. (2018) and Ryu 

et al. (2021) reported similar findings. This study proves that a LDFA model can be 

successfully developed for Eu adsorption on granulated SBA15-PMIDA using one 

column experiment to find the axial dispersion coefficient and simulate breakthrough 
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curves for varying operating conditions with the same value of the coefficient with high 

accuracy. 

Figure 5.11: Validation of simulation curves with experimental data (inlet 

concentration, bed height, flow rate) 
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Figure 5.12: Simulation of breakthrough curves for single component adsorption of Eu 

in terms of (a) feed concentration, (b) flow rate and (c) length of bed 

 

5.6 Summary 

In this study, the synthesis of Cr-MIL-PMIDA was achieved through a hydrothermal 

reaction, followed by successful granulation using alginic acid and CaCl2 for the first 

time. The prepared material was characterised using XRD, SEM and FTIR measurements 

to validate successful granulation. 

• Adsorption capacity of powdered Cr-MIL-PMIDA, 56.01 mg/l decreased to 36.05 

mg/l after granulation due to reduction of surface area and pore volume.  

• However, granulated Cr-MIL-PMIDA recorded only a 8% reduction in selectivity 

towards Eu in a multi component solution compared to the ungranulated version, 

indicating granulation has minimal impact on performance. 

• The material exhibited the ability to be reused for five cycles while maintaining 

over 90% of its initial adsorption capacity.  

• a dynamic model based on the surface diffusion model was developed to validate 

and predict the results of single-component fixed bed adsorption. Experimental 
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tests were conducted, varying the column length, feed concentration, and linear 

flow rate, successfully confirming the simulations generated by the model.  

• This study demonstrates that the dynamic column model developed for granulated 

Cr-MIL-PMIDA can be reliably utilized to design industrial-scale systems with a 

single adsorption column experiment. 

 

Conducting membrane filtration before adsorption in the treatment of AMD can 

significantly improve the efficiency and effectiveness of REE concentration processes. It 

helps remove of impurities, enhances selectivity, and contributes to a more 

environmentally sustainable approach to managing AMD and recovering valuable REEs. 

The inclusion of membrane filtration preceding the adsorption stage can yield remarkable 

enhancements in both the efficiency and efficacy of Rare Earth Elements (REE) 

concentration process, as well as in water recovery. Reusing recycled water for mining 

activities represents a proactive and strategic approach to address water stress in mining 

operations. This practice not only aids in water conservation and cost reduction but also 

aligns with broader sustainability objectives. The next chapter evaluates the use of low 

pressure nano filtration for recovery of water and concentration of REE and Cu for 

subsequent adsorption. 
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CHAPTER 6 

 

 

 

RECOVERY OF WATER AND VALUABLE METALS USING LOW 

PRESSURE NANOFILTRATION AND SEQUENTIAL 

ADSORPTION FROM ACID MINE DRAINAGE 

 

 

 

 

*This chapter is based on the following journal publication 

Fonseka, C.; Ryu, S.; Naidu, G.; Kandasamy, J.; Vigneswaran, S. Recovery of water 

and valuable metals using low pressure nanofiltration and sequential adsorption from 

acid mine drainage. Environmental Technology & Innovation 2022, 28, 102753. 

https://doi.org/10.1016/j.eti.2022.102753 
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6 Introduction 

The use of membrane technologies has increased in popularity throughout the mining 

industry for AMD treatment (Agboola, 2019a). Most mines are located in arid regions 

where water is a scarce resource, thus recovering potable water from AMD generates a 

distinct advantage. The treated water can be reused for mining activities or for drinking 

with further purification. The major drawback of this technology is its high operational 

cost and production of reject water which consists of highly concentrated metal ions and 

sulphates (Saha & Sinha, 2018). Additionally, fouling of membranes due to the presence 

of organic matter (OM) can increase membrane replacement frequency and cost (Zhong 

et al., 2007b). OM can cause membrane fouling resulting in flux reduction. Studies report 

that high acidity and sulphates concentrations in AMD increase interaction with OM 

(Lazareva et al., 2019). (Gillmor, 2011) found that dissolved organic content in AMD can 

increase up to 12 mg/l. For this reason, identifying methods to reduce membrane fouling 

due to dissolved organics is critical for the successful practical application of membrane 

technology for AMD filtration. 

Among membrane fouling mitigation strategies, feed water pre-treatment such as 

Microfiltration (MF) and Coagulation (Ohno et al., 2010), membrane modification 

(Bagheripour et al., 2019) and chemical washing (Al-Amoudi & Lovitt, 2007) have 

proved to be effective. High cost was a limiting factor for membrane modification, while 

generation of secondary chemical pollutants was an inherent disadvantage of chemical 

washing (Zhao & Yu, 2015). It is necessary to identify efficient and cost-effective pre-

treatment technologies. Among pre-treatment methods, successful application of 

powdered eggshell for removal of organic pollutants was reported by (Zulfikar et al., 
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2013). Their study found that 95% of humic acid was successfully adsorbed onto 

powdered eggshell. Furthermore, the experiment was conducted at low pH range (pH 2) 

similar to that of AMD found near mining sites (Vass et al., 2019). The use of powdered 

eggshell is a promising low-cost solution for: firstly, reducing organic content in feed 

water to the NF membrane; and secondly, reducing organic fouling and associated flux 

reduction. 

Nanofiltration is a promising technology investigated for concentrating dissolved metal 

ions and recovering water from AMD  (Mullett et al., 2014; Pino et al., 2020; Wadekar 

et al., 2017). NF offers advantages such as low operating pressure, high permeate flux 

over reverse osmosis (RO) leading to lower operational and maintenance costs (Zhao et 

al., 2018). Wadekar et al. (2017) tested eight commercially available NF membranes for 

filtration of synthetic and real AMD. NF90 membrane was found to be the most efficient 

with high ion rejection (> 97%) and stable permeate flux (3 LMH/bar). The study 

conducted by Pino et al. (2020) compared the performance of NF90 and NF270 for 

filtration of AMD from an active copper mine. NF90 showed higher metal rejection at 

low operating pressures, while NF270 was prone to fouling. NF90 is reported as a weakly 

hydrophilic membrane with positively charged functional groups on the surface (Jamil et 

al., 2021; Pino et al., 2020). This results in excellent cation rejection enabling valuable 

trace metals such as REE to be concentrated. 

Modified chromium-based Metal Organic Frameworks such as Cr-MIL-PMIDA are 

regarded as highly efficient adsorbents for the removal of REE from aqueous solutions 

(Lee et al., 2018; Ren et al., 2016). High stability, large pore area and ability for 

modification with functional groups make the recovery of REE economically feasible. 



125 

 

Mesoporous silica is another adsorbent efficient at removing pollutants from waste 

streams (Cashin et al., 2017). Mesoporous silica too has a high surface area coupled with 

stable physical, chemical and thermal characteristics (Liu et al., 2019). Ryu et al. (2019) 

noted that amine-grafted mesoporous silica selectively adsorbed copper in the presence 

of competing ions such as Zn, Ni and Mg while maintaining its chemical structure over 

multiple loading/stripping cycles.  

While several studies have been conducted on the recovery of water from AMD, 

relatively few focused on the optimization of NF/adsorption hybrid system for selective 

recovery of valuable metals from the concentrated retentate. This study aims to evaluate 

the efficiency of low-pressure NF in recovering fresh water from AMD while 

concentrating valuable metals. These will subsequently be selectively adsorbed using 

metal organic frameworks and mesoporous silica materials. 

6.1 Materials and Method 

6.1.1 Preparation of AMD solution 

Low Pressure NF filtration and adsorption analyses of valuable metals were conducted 

using synthetic AMD. The composition of AMD prepared for experiments was based on 

previous studies (Karina Leticia Lecomte et al., 2017; Ryu et al., 2020) and is summarized 

in Table 6.1.  

Table 6.1: Chemical composition of synthetic AMD 

Parameters Concentration, mg/l 

pH 2.0 ± 0.2 
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TOC 10.00 

Na 112.92 

Mg 300.95 

Al 101.64 

Ca 168.54 

Fe 302.90 

Ni 6.02 

Cu 107.48 

Zn 104.34 

Eu 0.14 

Gd 0.51 

 

Synthetic AMD was prepared using Na2SO4·10H2O (99%), MgSO4·3H2O (99%), 

Al2(SO4)3·18H2O (99%), CaSO4·2H2O (99%), Fe(SO4)·7H2O (99%), Ni(NO3)2·6H2O 

(99%), CuSO4·5H2O (99%), ZnSO4·7H2O (99%), Eu(NO3)3·5H2O (99.9%) and 

Gd(NO3)3 · 6H2O (99.9%). Humic acid (HA) (53680, CAS No. 1415-93-6, Sigma-

Aldrich) was used to replicate dissolved organic matter (OM) in AMD as previously 

reported by Holland et al. (2014). All chemical compounds were purchased from Sigma-

Aldrich. 2 M H2SO4 was used to adjust the initial pH to 2.0 ± 0.2. pH of the solution was 

measured using HQ40d multimeter, Hach, USA, while the concentrations of dissolved 

metals were measured using ICP-MS, Agilent 7900, USA. 
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6.2 NF membrane and operation  

 

 

Figure 6.1: Schematic diagram of NF setup 

 

The NF membranes used in this experiment were purchased from Sterlitech Corporation, 

WA, USA. The properties of this membrane are listed in Table 6.2 and were obtained 

from Jamil et al. (2021).  

Table 6.2: Characteristics of NF membrane (Jamil et al., 2021) 

 

 

NF membrane cell

Feed solutionTemperature
Controller

Permeate

Analytical Balance

Pressure
Gauge

Pump

Valve
F

Flow Meter

Membrane Manufacturer 
(Material) MWCO (Da) 

Zero Point 
Charge 

(ZPC) pH 

Contact Angle 
(Degrees) 

NF90 DOW 
(Polyamide TFC) 90 – 180 3.5 79 
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A feed volume of 2 L and a rectangular cross-flow cell with an area of 54 cm2 (9 cm x 6 

cm) was used for experiments. A schematic diagram of the NF set-up is shown in Figure 

6.1. Several studies have been conducted at transmembrane pressure of above 10 bar for 

AMD filtration using NF90 membrane (Wadekar et al., 2017; Pino et al., 2020). Jamil et 

al. (2021) documented that NF90 demonstrated excellent inorganic salt and dissolved 

organic rejection at low operational pressure of 2 -5.5 bar. Therefore, a low trans-

membrane pressure of 3 bar was chosen for this study to analyse performance of NF90 

for AMD filtration at a temperature of 25±1°C. The feed solution was continuously 

circulated while permeate was collected and its increase in mass measured using 

analytical balance. Permeate flux and water recovery were calculated based on readings 

measured from analytical balance at constant intervals. At completion, initial feed, final 

feed (concentrated feed) and permeate were analysed for metal concentrations, pH and 

TOC.  

The volume concentrating factor (VCF) of the concentrated feed was determined using 

the following equation: 

𝑉𝐶𝐹 =  
𝑉𝑖

𝑉𝑐
      (6-1) 

Where, 

𝑉𝑖 - Initial AMD feed volume (L) 

𝑉𝑐 - Final concentrated AMD volume (L) 

Permeate flux of the membrane was calculated by measuring the permeate volume 

collected at 5 min intervals using the following equation: 
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𝐽 =  
𝑉

𝐴 𝑥 Δt
      (6-2)   

J - Permeate Flux (l/m2h) 

A - Effective filter area of membrane (m2) 

Δt - Time interval (h) 

Osmotic pressure (bar) across the membrane was calculated using Van’t Hoff equation 

as reported by Zhang et al. (2020b): 

𝜋 = 𝑖𝑀𝑅𝑇    (6-3) 

i  - Van’t Hoff Factor 

M - Molarity of Solute (mol/L-1) 

R - Universal gas constant (0.08315 L.bar.mol-1.K-1) 

T - Temperature (K) 

Solute rejection was calculated from the concentration of dissolved metals in feed AMD 

and filtered permeate measured using ICP MS (Agilent 7900, USA): 

𝑅(%) =  
𝐶𝑖− 𝐶𝑝

𝐶𝑖
     (6-4) 

 

R  -  Solute Rejection (%) 

𝐶𝑖 - Initial solute concentration (mg/l) 

𝐶𝑝 - Permeate solute concentration (mg/l) 
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6.3 Preparation of powdered Eggshell for TOC removal 

Eggshell was examined as a cost-effective solution for selective removal of OM as 

discussed in the introduction (Zulfikar et al., 2013). The eggshell sample was first washed 

with detergent and the inner thin membrane under the shell was then removed. The 

cleaned eggshell was further washed with Milli Q water and air dried for 48 hours. The 

dried eggshell was then ground to a particle size of 75 µm using a mortar and pestle.  

 

6.4 MOF synthesis procedure 

Cr-MIL-PMIDA was synthesized using Chromium (III) nitrate nonahydrate, H2BDC-

NH2 and PMIDA as previously reported by Fonseka et al. (2021). The synthesis 

procedure is described in detail in chapter 3. 

6.5 SBA15 synthesis procedure 

SBA15 was synthesized through hydrothermal reactions and modified with amine ligands 

following toluene reflux with APTES as previously and recently reported by Ryu et al. 

(2021). The details of the synthesis are provided in chapter 3.  

 

6.6 REE and Cu selective Adsorption Experiments  

6.6.1 Influence of pH 

Concentrated feed solution obtained from the NF filtration was used in this study. Initial 

pH of concentrated feed was found to be 2.0 ± 0.2. pH was then adjusted to values ranging 
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from pH 2 to 7 using 1 M KOH to: firstly, precipitate competing ions from solution; and 

secondly, establish the best pH level for the adsorbents to recover REE and Cu. The 

precipitate was allowed to settle under gravity for 12 h and then the supernatant was 

filtered using a 0.45 µm syringe filter.  

6.6.2 Selective recovery of REE (Gd and Eu) 

Optimum pH of 5 was used in these experiments. Cr-MIL-PMIDA adsorbent, ranging 

from 0.02 g to 0.32 g was used to find the desired adsorbent dosage for selective REE 

recovery. The adsorbent was mixed with 50 ml of pH adjusted NF concentrated feed 

solution and then stirred on a flat shaker for 24 h at room temperature (25 ± 1 ℃) to reach 

equilibrium. Samples were then filtered and analysed for initial and residual 

concentration of elements (ICP-MS, Agilent 7900, USA). 

 

6.6.3 Selective recovery of Cu 

Residual solution after Cr-MIL-PMIDA adsorption was used in this experiment. Dosages 

of 0.02 g to 0.32 g of SBA15 were mixed with residual solution and similar experimental 

conditions to REE adsorption was maintained. Initial and residual concentrations of 

elements were measured to find the optimum adsorbent dosage (ICP-MS, Agilent 7900, 

USA).  
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6.7 Results and Discussion 

6.7.1 Physical characterization of adsorbents 

Cr-MIL-PMIDA, Cr-MIL-NH2, pristine SBA15 and amine grafted SBA15 were tested 

for their physical characteristics before and after modification. Figure 6.2 shows the X-

ray diffraction patterns of prepared adsorbents at low angles in the 2-theta range. They 

were found to be similar to Ryu, Fonseka, et al. (2021) findings. Cr-MIL-PMIDA was 

synthesized following a co-synthesis process where Cr-MIL-NH2 was modified with N-

(phosphonomethyl) iminodiacetic acid (PMIDA) in the presence of N,N-

dicyclohexylcarbodiimide  (DCC) as a dehydrating agent. XRD patterns for SBA15 

shows one sharp 110 peak followed by two small peaks. This XRD pattern is associated 

with the hexagonal structure of SBA15 as reported in previous studies (El-Nahhal et al., 

2018; Ryu, Fonseka, et al., 2021). Amine grafted SBA15 shows a decrease in peaks at 

110 and 200 while the first sharp peak remained unchanged. This is a reflection of pore 

blocking due to amine grafting on SBA15 surface. However the structure of amine grafted 

SBA15 was well preserved as confirmed by TEM images in Figure 6.4. 

The XRD patterns for Cr based MOF were also similar to those reported in previous 

studies (Lee et al., 2018; Ryu, Fonseka, et al., 2021). Indistinguishable XRD patterns of 

the two MOF derivatives highlights that the crystal structure of the adsorbent was well 

preserved during modification with PMIDA groups.   
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Figure 6.2: XRD patterns of (a) SBA15 and (b) MOF samples 

 

Nitrogen adsorption/desorption isotherms of SBA15 and Cr based MOF samples are 

shown in figure 6.3. Modified samples showed decreased N2 adsorption compared to 

respective pristine structures. This again reflects successful grafting of beneficial ligands 

which reduced pore volume. However, the hysteresis in both SBA15 derivatives were 

well maintained after modification confirming that the mesoporous structure was 

undamaged during synthesis (Moritz & Łaniecki, 2012). 

According to 6.3, the BET surface area and the pore volume was found to be lower for 

SBA15 samples compared to Cr based MOF. The BET surface area of Cr-MIL-PMIDA 

was recorded as 1040 m2.g-1, which was higher than that of amine grafted SBA15 (300 

m2.g-1). These values were similar to findings from previous studies (Lee et al., 2018; 

Ryu et al., 2019). The reduction in surface area is due to pore blocking by functional 

groups grafted onto the two adsorbents. Mean pore diameter of amine grafted SBA15 (4.2 
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nm) is two fold higher than Cr-MIL-PMIDA (1.95 nm). Studies have shown that the small 

pore size of MOF enables size exclusion and promote selective adsorption of REE (Lee 

et al., 2018). This was confirmed by the study by Ryu et al. (2021), which found that Cr-

MIL-PMIDA had superior adsorption capacities towards REE (Lu, Y) compared to amine 

grafted SBA15.   

Figure 6.3: Nitrogen adsorption/desorption isotherm graphs of (a) SBA15 samples and 

(b) MOF samples 

 

Table 6.3: Physical properties of prepared adsorbents 

Adsorbent 

BET Surface 

Area 

m2.g-1 

Pore Volume  

cm3.g-1 

Mean Pore 

Diameter 

nm 

SBA 15 810 0.95 7.21 

SBA15-NH2 300 0.80 4.20 
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Cr-MIL-NH2 1285 1.07 4.08 

Cr-MIL-

PMIDA 1040 0.72 1.95 

 

The morphology of the adsorbent was analysed using SEM. Elemental distribution 

mapping of Cr-MIL-PMIDA (Figure 6.4a) reveals that nitrogen and phosphorus 

functional groups are evenly distributed on the surface of the adsorbent. This data 

confirms the successful synthesis of Cr-MIL-PMIDA in line with Lee et al. (2018). 

Furthermore, TEM images of SBA15 show the hexagonal structure of the adsorbent has 

been preserved after amine grafting. The results confirmed that physical and chemical 

structure of both materials remained strong which is necessary for successive 

loading/stripping cycles. 
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Figure 6.4:  (a) SEM image and Elemental distribution mapping of Cr-MIL-PMIDA and 

(b) TEM images of SBA15 and SBA15-NH2

6.7.2 Chemical characterization

FT-IR spectra analysis was carried out to study the chemical bonds present on the surface 

of both adsorbents (Figure 6.5). The vibration pattern recorded for SBA15 showed that 

Si-O stretching vibration was located at 900 cm-1. The reduction in Si-O vibration on 

SBA15-NH2 can be attributed to bonding of –OH with silica groups (Li et al., 2007). New 

(a)

(b)
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peaks at 2850 cm-1 and 1400 cm-1 corresponds to N-H vibration which confirms NH2 was 

successfully grafted onto pristine SBA15 (Ryu et al., 2019). 

The vibration peaks of MOF located at 1600 cm-1 are assigned to carbonyl (C=O) and 

carboxyl (-COOH) stretching in the adsorbent and they remained relatively unchanged 

after modification (Babaee et al., 2020). A similar vibration pattern was observed in Cr-

MIL-PMIDA as reported in previous studies (Ryu et al., 2021).  The peaks assigned for 

amine groups at 1400 cm-1 showed significant decrease after modification with PMIDA. 

This confirms that chemical reaction between NH2 and PMIDA under reflux condition 

was successful. Additional peaks in the range of 900–1100 cm-1 in Cr-MIL-PMIDA 

confirm the presence of phosphonic groups on the structure (Lee et al., 2018; Pramanik 

& Bhaumik, 2014).  

 

 

Figure 6.5: FT-IR spectra of (a) SBA-15 and (b) MOF samples 
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6.8 Performance of low-pressure NF  

The performance of bench scale low-pressure NF was analysed using the NF90 

membrane supplied by Sterlitech Corporation, WA, USA. Experiments were carried out 

to evaluate AMD remediation and its ability to produce clean water while increasing the 

concentration of REE and Cu in the feed. A low feed pressure of 3 bar with a cross-flow 

velocity of 0.35 m/s (Reynolds Number = 4635) was used in the experiment. The 

performance of NF was measured using synthetic AMD with and without organic matter.  

The results from the experiment show that the NF system achieved steady permeate flux 

of 15.5 ± 0.2 L/m2h (LMH) for AMD feed without organic matter (Figure 6.6). The initial 

permeate flux for AMD feed with organic matter was 10.2 ± 0.3 L/m2h (LMH), which is 

considerably lower compared to the experiment without organic matter. The initial 

osmotic pressure on the feed side was calculated using equation 3 and it was found to be 

0.895 bar. Both sets of samples maintained a steady flux up to a volume concentration 

factor (VCF, equation 1) of 5, recovering 80% of permeate. Solute rejection (equation 2) 

in both cases were found to be high (> 98%) with the exception of Na (Table 6.4). MWCO 

(molecular weight cut off) value is the molecular weight of the smallest solute of which 

at least 90% is rejected by the membrane (Drioli et al., 2016). The NF90 membrane 

consists of positively charged functional groups on its surface. This creates an 

electrostatic field within the membrane matrix known as the Donnan potential 

(Mehiguene et al., 1999). This significantly contributes to membrane potential which 

inhibits transfer of positively charged ions across the membrane. This may be the main 

reason for the high rejection rates recorded for higher valent cations in AMD. In theory, 

solutes of lower molecular weights than MWCO should pass on to the permeate side 
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(Franke et al., 2019). According to Franke et al. (2019), when electrostatic repulsion 

dominates size exclusion, solutes with lower molecular weights were found to be rejected 

more than expected. This explains the slightly higher rejection rate found for positively 

charged Na in this study.  

 

Table 6.4: Permeate quality and solute rejection rates  

 

Element 

Initial 

Concentration 

(mg/l) 

Permeate quality 

(mg/l) 

(AMD with 

Organic) 

Rejection % 

Permeate 

quality 

(mg/l) 

(AMD without 

Organic) 

Rejection % 

Na 112.92 11.23 90.05 10.56 90.65 

Al 101.64 1.33 98.69 1.69 98.34 

Ca 168.54 1.92 98.86 1.65 99.02 

Cu 107.48 1.52 98.59 1.08 99.00 

Fe 302.90 5.20 98.28 2.64 99.13 

Mg 300.95 3.65 98.79 3.12 98.96 

Ni 6.02 0.08 98.67 0.07 98.84 

Zn 101.34 0.95 99.06 0.81 99.20 

Gd 0.51 0.0149 97.08 0.0009 99.82 

Eu 0.14 0.0034 97.57 0.0042 97.00 



140 

 

 

Figure 6.6: Permeate flux for AMD with organics and AMD without organics 

The reduction in permeate flux can be attributed to the presence of organic matter which 

increased pore blocking due to membrane fouling. According to Jamil et al. (2021), NF90 

has a contact angle of 79° making it weakly hydrophilic. Studies also found that NF90 is 

one of the roughest (63 nm) measured using the atomic force microscopic measurement 

(Xu et al., 2005; Jamil et al., 2021). The rough surface promotes higher deposition of 

organic matter on the membrane leading to more severe flux decline. Therefore, 

identifying a cost-effective method to remove organic matter prior to the NF process can 

significantly increase permeate flux and reduce operation time.   
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6.9 Adsorption of organic matter using powdered eggshell 

Coagulation (Callegari et al., 2017), adsorption using activated carbon (Korotta-Gamage 

& Sathasivan, 2017) and Ultra Filtration (UF) (Brehant et al., 2002) were conventional 

methods explored for OM removal prior to NF. Coagulation requires the addition of 

reagents which could increase cost while there is a risk of valuable metals settling out 

with flocs. Utilizing an UF system could result in higher operational and maintenance 

costs, while activated carbon has a high affinity to heavy metals which hinders selective 

recovery of valuable metals (Zhao and Yu, 2015). 

Powdered eggshell, which can be easily sourced, was analysed as a low-cost adsorbent 

for removal of organic matter from synthetic AMD. According to Zulfikar et al. (2013), 

powdered eggshell has a crystalline structure with a similar morphology to calcite. The 

point of zero zeta potential for eggshell was found at pH 8.7 ± 0.2, where surface charge 

becomes positive in acidic conditions (Labidi, 2008). It was also found that close to 50% 

(initial concentration of 238 mg/l) of organic matter from a solution can be removed in 

less than 15 min using powdered eggshell (5g mixed in 50 ml solution). The high initial 

removal rate is attributed to abundant free sites available for uptake of organic matters. 

Egg shell reaches equilibrium in about 60 min of contact time (Zulfikar et al., 2013). This 

contact time was used in our experiment. In their research, Zulfikar et al. (2013) 

discovered that highest organic removal was recorded at pH 2, which is a similar pH value 

to synthetic AMD used in our experiment. Here, powdered eggshell could be used without 

adding chemical reagents for pH correction.   

Varying quantities of powdered eggshell were added to 50 ml of AMD solution with 

organics to assess the removal efficiency and optimum dosage. Adsorbent dosage ranging 
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from 0.1 g/L to 1.6 g/L were used in this experiment to identify the optimum dosage to 

increase removal of organics with minimum loss of REE and Cu. Figure 6.7 shows that 

an eggshell dosage of 0.2 g/L was optimum. Eggshell adsorbed all organics present in 

AMD while the loss of REE was relatively minimal. It was discovered that adsorption of 

REE and Ca leaching significantly increased at higher eggshell doses. The increase in the 

Ca concentration in AMD was due to eggshell leaching where calcite is rapidly dissolved 

under acidic conditions. Furthermore, eggshell adsorbed Fe in the solution as illustrated 

in Figure 6.7. Consequently, it was very evident that eggshell treatment managed to 

remove two membrane fouling agents (Fe & dissolved OM) without affecting 

concentrations of targeted valuable metals.  

 

 

Figure 6.7: Adsorption of TOC and dissolved metals onto eggshell (Contact time: 1 hr) 
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6.10 Influence of pH on adsorption 

Adsorption capacity is highly influenced by the pH of the solution. According to Lee et 

al. (2018), REE forms coordinated bonding between deprotonated phosphonic, carboxyl, 

carbonyl and ammine groups on the adsorbent surface. Highly acidic conditions would 

therefore protonate functional groups in the adsorbent resulting in the formation of 

repulsive force with trivalent REE ions. Subsequently, high pH values are favoured for 

enhanced binding capacity. Ashour et al. (2017) state that REE can form electrostatic 

bonds with –NH2-OH- functional groups at high pH conditions. At pH>7 REE are found 

to form insoluble REE(OH)3  (Hatanaka et al., 2017). Lee et al. (2018) showed that 

optimum Gd3+ adsorption on Cr-MIL-PMIDA was achieved at pH 5–5.5. Zeta potential 

analysis conducted on Cr-MIL-PMIDA also shows that negative charges on the surface 

significantly increase at pH >5 (Lee et al., 2018). Prior studies conducted on Cu 

adsorption onto mesoporous silica found that pH>4 should be maintained to avoid 

protonation of amine ligands (Shahbazi et al., 2013). In their work, Ryu et al. (2019) 

found that solution pH in the 5.0–5.5 range yielded the maximum adsorption capacity for 

Cu uptake onto modified mesoporous silica. Furthermore, the pH of concentrated feed 

was 2.0 ± 0.3 and it was adjusted to values ranging 2.0 – 7.0 using 1M KOH. The 

composition of concentrated feed at different pH levels are tabulated in Table 6.5.  

High concentrations of heavy metals (Ca, Mg, Zn, Cu, Al) were present in the 

concentrated feed of this experiment along with REE (predominantly Eu). Prior to 

adsorption, the pH of concentrated feed was increased to analyse solubility of dissolved 
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metals. pH correction experiment for concentrated feed was then performed to identify 

optimum pH at which Al will be fully precipitated while the targeted valuable metals 

remained dissolved. Ryu et al. (2019) found that the type of alkaline material used for pH 

correction influenced adsorption capacity. It was reported that using NaOH can reduce 

adsorption capacity since Na ions which have a small ionic radius and higher 

electronegativity interact with active sites of the adsorbent, competing with targeted 

metals (Ryu et al., 2019). Therefore, 1 M KOH was used to raise the solution’s pH and 

the sample was left undisturbed for 2 h to allow precipitates to settle.  

Figure 6.8 shows Fe and Al were completely precipitated at pH 5, while 70% of REE and 

Cu still remained dissolved. At pH 6, the majority of REE had precipitated which made 

recovery inefficient. Therefore, pH 5 appears to be the optimum condition for 

concentrated feed where a majority of targeted metals remain dissolved while all 

competing trivalent cations are precipitated. The study conducted by Balintova and 

Petrilakova. (2011) found that 97% of Fe is precipitated at pH 4, while 93% of Al is 

precipitated at pH 5. Furthermore, the study conducted by Ryu et al. (2020) reported both 

Fe and Al completely precipitates at pH >5 due to the two metals’ low solubility limits. 

The finding is beneficial as Fe and Al were found to reduce selective adsorption capacities 

of both SBA15 and Cr-MIL-PMIDA (Lee et al., 2018; Ryu et al., 2019). Hence, pH 5.0 

was determined as the best for valuable metal recovery and it coincides with optimum pH 

required for the adsorbents for maximum uptake.  
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Figure 6.8: Precipitation of metal ions with increase in solution pH 

 

Table 6.5: Composition of pH adjusted concentrated NF feed 

 

 

 

 

 

 

 

  Ci (mg/l) Cf/Ci 

  pH 2 pH 3 pH 4 pH 5 pH 6 pH 7 

Na 283.87 0.9 0.9 0.9 0.9 0.8 

Al 283.13 1.0 0.9 0.0 0.0 0.0 

Ca 1157.06 0.8 0.8 0.7 0.7 0.7 

Cu 392.24 0.8 0.8 0.7 0.5 0.0 

Fe 0.40 0.8 0.0 0.0 0.0 0.0 

Mg 1088.44 1.0 1.0 1.0 0.9 0.9 

Ni 28.63 1.0 0.9 0.9 0.9 0.8 

Zn 397.65 1.0 0.9 0.9 0.9 0.6 

Gd 2.06 0.8 0.7 0.7 0.4 0.0 

Eu 0.39 0.8 0.8 0.7 0.3 0.1 
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6.11 Selective Adsorption Studies 

6.11.1 Selective adsorption of REE 

The practical application of selectively recovering REE with Cr-MIL-PMIDA from pH 

adjusted concentrated feed was evaluated. 50 ml of pH adjusted solution was mixed with 

different Cr-MIL-PMIDA doses to identify the optimum adsorbent dose to selectively 

recover REE. Results from the experiment reveal that an adsorbent dosage of 3.2 g/L 

yields the best outcomes for selective recovery of REE (Figure 6.9). At 6.4 g/L dosage 

the uptake of REE increased slightly, yet the uptake of Cu and Zn also increased more 

than 10%. This is attributed to the increased number of free sites present due to high 

adsorbent dosage. Also, Cr-MIL-PMIDA has residual or unreacted amine groups on its 

surface which is a beneficial functional group for Cu and Zn uptake (Ryu et al., 2019; 

Ryu et al., 2021). Cr-MIL-PMIDA was also able to maintain significantly high REE 

uptake with very minimal Ca and Mg uptake, in spite of the high concentration of these 

elements over REE in the solution. 
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Figure 6.9: Selective recovery of REE from pH adjusted concentrated NF feed (pH 5) 

Similar high selectivity of REE over other transition metals were reported in recent 

research (Callura et al., 2018; Yang et al., 2020; Zhao et al., 2020). Most of these studies 

attributed selective recovery of REE to the functional group of the adsorbent, such as 

phosphonic, carboxyl and carbonyl groups. These functional groups are categorized into 

hard base groups and therefore, tend to exhibit high selectivity towards hard acidic groups 

such as REE over competing ions. Specifically, the synergistic effect created by the 

presence of different donor species in the same ligand, such as is the case with PMIDA, 

creates high selectivity towards REE in a multi-component solution (Reddy et al., 1999). 

It is also worth noting that a recent study conducted by Ryu et al. (2019) found that Cu 

demonstrates high chelating effect with amine groups on the adsorbent which results in 

high Cu adsorption. The low Cu uptake recorded in this experiment confirms the presence 
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of a relatively low number of amine groups on the adsorbent, which can be attributed to 

successful reaction between the amine and PMIDA groups during the co-synthesis 

process. Furthermore, heavy trivalent REE such as Eu display a tendency for higher 

recovery due to favorable binding with active sites on the adsorbent surface compared to 

lower valent cations ((Zhao et al., 2017). This may explain the reason for the significantly 

higher recovery of Gd and Eu as it favorably binds with active sites on the adsorbent 

surface compared to divalent cations with lower molecular weight such as Ca, Mg, Cu, 

Mn, and Zn.  

Solvent extraction using organophosphorus acids is a widely used method to separate rare 

earth elements. A study conducted by Vera & Braga. (2019) successfully used 2-

ethylhexyl phosphonic acid mono-2-ethylhexyl ester (P507) to separate Gd and Eu from 

chloride media. Another study by S.-C. Li et al. (2018) found that combination of 

photochemical reduction and extraction chromatography can be successfully used to 

separate Gd and Eu with high purity. 

 

6.11.2 Selective Adsorption of Cu 

The residual solution post-Cr-MIL-PMIDA adsorption was used in the experiment for Cu 

recovery. The experiment was conducted at pH 5.2 which was earlier identified as the 

optimum pH for selective Cu uptake. Varying dosages of SBA15-NH2 were mixed with 

50 ml of the solution and the residual metal concentration was measured to determine the 

removal percentage. Figure 6.10 shows Cu removal at more than 90% was recorded for 

adsorbent dosage above 3.2 g/L where the removal of other metals remained below 10%. 

At dosages of 6.4 g/L and beyond, Zn uptake on to SBA15 significantly increased. Hence 
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SBA15-NH2 dosage of 3.2 g/L was used. Previous studies show that Cu, Ni and Zn do 

not show any significant difference in chemical properties (Ryu et al., 2019). The ionic 

radius of all three metals was between 0.69 Å to 0.74 Å (Ryu et al., 2019).  

Furthermore, all three metals have similar valence, and they appear next to each other in 

the periodic table. The absolute electro-negativity with amine groups for Cu and Zn was 

also found to be similar, i.e. 28.6 and 28.8, respectively (Liu et al., 2008). Ryu et al. 

(2019) go on to mention that theoretically Zn should have higher affinity towards ammine 

ligands because of its higher absolute hardness compared to Cu. Yet the high selectivity 

towards Cu in the presence of Zn in this experiment demonstrates that ion characteristics 

are not the dominant force in competitive adsorption. 

High affinity of Cu towards ammine ligands can also be due to the formation of 

coordination complexes. Koong et al. (2013) mention that Cu forms strong chelating 

bonds with amine groups. Other studies also confirm that ammine ligands form strong 

coordination complexes that enable high selectivity (Aguado et al., 2009; Sierra and 

Pérez-Quintanilla, 2013). This further confirms that the formation of strong chelating 

bonds with amine ligands on SBA15 makes possible high selective recovery of Cu from 

competing metals. 
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Figure 6.10: Selective recovery of Cu from MOF-treated NF feed 

 

6.12 Re-usability studies 

The stability of Cr-MIL-PMIDA and SBA15-NH2 was analysed over 5 

adsorption/desorption cycles. Reusability of adsorbents is critical for practical application 

of this technology in industry. 0.01 M HCl solution served as the stripping agent for both 

adsorbents. Alkaline regeneration was used for SBA15-NH2 to deprotonate ammine 

groups prior to subsequent application (Ryu et al., 2019). At pH below 3, protonation of 

ammine and phosphonic ligands occur which creates a repulsive force with positively 

charged REE and Cu ions (Ryu et al., 2019; Ryu et al., 2021). This desorbs adsorbed 

metals onto the acidic solution. It has been reported that SBA15-NH2 should be washed 

with NaOH to neutralize ammine charge (Ryu et al., 2019). Over 5 cycles, both Cr-MIL-
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PMIDA and SBA15-NH2 retained over 95% of its initial adsorption capacity (Figure 

6.11). This confirms the high structural stability of these adsorbents after repetitive use.  

Figure 6.11: Cyclic adsorption tests for REE and Cu recovery at initial concentration of 

5 mg/l at pH 5.5 

Table 6.6 shows that 0.06 mg, 0.015 mg and 10.24 mg of Gd, Eu and Cu can be recovered, 

respectively, by processing 1L of AMD using this treatment process. This enables 

financially viable and sustainable treatment of AMD approaching zero liquid discharge.  
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Table 6.6: Mass Balance for recovery of Valuable metals  

(for AMD characteristics listed in table 6.1) 

 

 

Discharge of untreated AMD has become a global environment concern. The sustainable 

approach to resolve this issue is through active industry participation. The study 

demonstrates that combining low pressure NF and adsorption for AMD treatment not 

only enables recovery of clean water for industrial operations, it also creates additional 

income through recycling of valuable metals which can offset at minimum a portion of 

treatment costs. Since lab-scale experiments using 1L volumes indicate promising results 

for valuable metal recovery, the next logical step is to scale up the process to pilot scale 

to validate and optimize the recovery process under conditions more representative of 

practical applications. 

 

    

Concentration (mg/l) 

  

Treatment Step Volume (L) Gd Eu Cu 

Initial Concentration in Synthetic AMD 1 0.51 0.14 107.48 

After Egg Shell Treatment 1 0.459 0.126 104.26 

After NF process (Concentrated Feed) 0.2 2.29 0.611 516.06 

After pH adjustment 0.2 1.6 0.428 361.24 

After 5 cycles of Adsorption/Desorption 
(As reported by Fonseka et al. (2021)) 0.2 0.32 0.077 51.215 

Amount of Metals recovered by 1 L of AMD (mg) 
0.064 

(13.9% 
recovery) 

0.0154 

(12.6% 
recovery) 

10.243 

(9.9% 
recovery) 
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6.13 Summary 

Low pressure nanofiltration with commercially available NF90 membrane was first 

studied to recover fresh water from synthetic AMD and concentration of dissolved metals 

for subsequent efficient selective recovery. Subsequently, Cr-MIL-PMIDA and an amine-

grafted mesoporous silica (SBA15) material was synthesized for selective recovery of 

REE and Cu, from the concentrated feed solution. 

• A steady permeate flux of 15.5 ± 0.2 L/m2h (LMH) was achieved for pre-treated 

AMD with a solute rejection rate of more than 98%. 

• The two adsorbents were used sequentially to selectively adsorb REE (91%) and 

Cu (90%) from pH adjusted concentrated feed.  

• The formation of coordinating complexes with carboxylate and phosphonic 

groups on MOF was found to be the primary driving force for selective REE 

adsorption. Selective uptake of Cu onto amine-grafted SBA15 was due to the 

formation of strong chelating bonds between Cu and amine ligands.  

• Both adsorbents remained structurally stable over 5 regeneration cycles.  

• The findings here highlight the practical potential of membrane/adsorption hybrid 

systems for water and valuable metal (REE) recovery from AMD. 

 

Chromium-based Metal-Organic Frameworks (MOFs) have shown promising properties 

for selective REE adsorption, but their suitability for industrial use is limited due to two 

main factors: high production cost and environmental concerns related to chromium 

leaching. In response to these issues, researchers and industries have been exploring 
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alternative MOF materials that offer similar or improved performance without the 

drawbacks associated with chromium-based MOFs. Next chapter of this thesis evaluates 

the performance of a novel, mesoporous silica based adsorbent for selective REE removal 

from mining wastewater. 
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CHAPTER 7 

 

 

SELECTIVE RECOVERY OF EUROPIUM FROM REAL ACID 

MINE DRAINAGE BY USING NOVEL SBA15-NH-PMIDA 

ADSORBENT 

 

 

*This chapter is based on the following journal publication 

Fonseka, C.; Ryu, S.; Choo, Y.; Naidu, G.; Foseid, L.; Thiruvenkatachari, R.; 

Kandasamy, J.; Ratnaweera, H.; Vigneswaran, S. Selective Recovery of Europium from 

real acid mine drainage by using novel SBA15-NH-PMIDA adsorbent and membrane 

distillation system. Journal of Water Process Engineering, 56, 104551. 

doi:https://doi.org/10.1016/j.jwpe.2023.104551 

  

https://doi.org/10.1016/j.jwpe.2023.104551


156 

 

7 Introduction 

Increasing demand for high-tech products, clean energy technologies, and defense 

applications has elevated the importance of rare earth elements (REEs) in the global 

market. As countries aim to secure stable and sustainable access to these critical elements, 

research and development in mining, processing, recycling, and diversification of supply 

sources continue to be areas of interest and investment. Among REEs, Europium (Eu) is 

considered to be the most expensive and the rarest, accounting for only 0.1 % w/w in 

monazite and bastnaesite ores (Kumari et al., 2019). This has resulted in Europium being 

mined only as a byproduct due to financial constraints. Europium is widely used in the 

production of phosphors, alloys, additives and is a critical raw material for development 

of smart devices from high-resolution color screens to its circuitry (Wang et al., 2020). 

Furthermore, Europium oxide is widely used in control rods as neutron absorber in fast 

breeder nuclear power plants. 

Chemical precipitation (Li et al., 2013), solvent extraction (Seyyed Alizadeh Ganji et al., 

2016), ion exchange (Khawassek et al., 2019), adsorption (Fonseka et al., 2021), and 

membrane filtration (Murthy & Choudhary, 2011) are some of the widely researched 

technologies for REE recovery. While these technologies offer distinct advantages, they 

also present their unique challenges, such as high cost of solvents, matrix interferences, 

membrane pore blocking and the need for residue waste management. Therefore, 

adsorption is considered to be the most promising due to high efficiency and low cost 

(Callura et al., 2018).  
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However, majority of traditional adsorbents show limited selectiveness towards REE 

recovery (Zhao et al., 2020). Hence, modification with favorable functional groups is 

necessary to increase performance. In this regard, metal-organic framework (MOF) 

materials functionalized with specific ligands have shown high affinity towards REEs 

(Abdel-Magied et al., 2019; Fonseka et al., 2021; Zhao et al., 2020). Specifically, 

functionalized chromium based MOF selectively recovered Eu from zinc ore leachate due 

to the formation of strong chelating complexes with phosphonic and carboxylate ligands 

(Fonseka et al., 2021; Lee et al., 2018). However, high cost of production, coupled with 

concerns over long-term stability hinders industrial scale application of these promising 

materials.  Mesoporous silica materials, such as SBA15 (Santa Barbara Amorphous-15), 

offer excellent tunability and modification capabilities, making them an attractive, low 

cost alternative (Rivas-Sanchez et al., 2022). Hence, there is considerable potential for 

incorporating ligands with high affinity towards REEs into SBA15 to enhance selectivity 

and efficiency. 

The main objectives of this study was to study the performance of a novel, functionalized 

SBA15-NH-PMIDA material for selective Eu recovery.  N-(phosphonomethyl) 

iminodiacetic acid (PMIDA) ligand was selected for modification due to high affinity 

towards REE reported in previous studies (Fonseka et al., 2021; Lee et al., 2018). First, 

detailed adsorption studies for removal of REE were carried out using single solute 

synthetic Eu solutions at different pH values to find optimum conditions. Real AMD 

samples collected from an abandoned mining site in northern Norway was then used for 

selective adsorption tests. Detailed physical and chemical characterization of SBA15-

NH-PMIDA were performed to determine the selective adsorption mechanisms. 
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7.1 Adsorption studies 

7.1.1 Equilibrium 

Adsorption experiments for Europium (Eu) recovery on powdered SBA15-NH-PMIDA 

(0.01 g) and granulated SBA15-NH-PMIDA (0.012 g) were carried out using beakers 

containing 50 ml Eu solutions at optimum pH found in the previous experiment. 

Equilibrium adsorption experiments were carried out with 5 mg/l single-solute synthetic 

Eu solutions. This allows for a clearer understanding of the interaction between SBA15-

NH-PMIDA and Eu ions without the interference contaminants present in complex 

mixtures.  The beakers were kept on a flat shaker at room temperature (24 ± 1 °C) for 24 

h. Initial concentrations were limited to 2.5 mg/l -30 mg/l for this experiment, considering 

low concentrations of Eu reported in acid mine drainage (Olias et al., 2018). Initial and 

equilibrium concentrations of Eu were measured using Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS, Agilent 7900, US).  

7.1.2 Kinetics 

Mass transfer mechanisms and the rate of adsorption were evaluated through kinetic 

experiments. 0.01 g of powdered and granulated SBA15-NH-PMIDA was mixed with 

with 50 ml of 10 and 20 mg/l single-solute synthetic Eu solutions at optimum pH. The 

beakers placed on a flat shaker at room temperature (24 ± 1 ℃) and agitated for 24h.  

Samples were collected at various time intervals up to 24 hours, and residual Eu 

concentrations were measured using ICP-MS.  

Surface diffusion model (SDM) was also used to further analyse adsorption mechanism 

(Suzuki & Suzuki, 1990). According to Inglezakis et al. (2019), adsorption from liquid 
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phase onto a porous solid occur in three steps which are 1) diffusion from fluid to external 

surface of adsorbent (film diffusion), 2) mass transfer from external surface to the solid 

phase (Intraparticle diffusion) and finally 3) physical/chemical bonding with active sites.  

Since pseudo models neglect film diffusion and Intraparticle diffusion, surface diffusion 

model is considered to be a realistic  method to predict adsorption kinetics (Souza et al., 

2017). In this study, PDEPE function on Matlab was used to solve the SDM equation.  

 Equation for surface diffusion model are given below. 

Surface Diffusion Model (SDM):   𝜕𝑞

𝜕𝑡
=

1

𝑟2

𝜕

𝜕𝑟
(𝑟2𝐷𝑠

𝜕𝑞

𝜕𝑟
)  (7-1) 

   

Boundary conditions: 

𝐾𝑓(𝐶 − 𝐶𝑠) = 𝐷𝑠𝜌𝑝
𝜕𝑞

𝜕𝑟
     𝑎𝑡    𝑟 = 𝑅𝑝     (7-2) 

𝜕𝑞

𝜕𝑟
= 0    𝑎𝑡    𝑟 = 0         (7-3)  

Where  

 

 

 

𝐷𝑠: effective surface diffusion coefficient (m2/s) r: radial distance of the spherical particle (m) 

C𝑠 : concentration of Eu at the surface of adsorbent (mg/l) 
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7.1.3 Recovery of Eu from real AMD 

Solubility of dissolved metals in real AMD at varying pH values: 

Acid mine drainage samples from an abandoned mining site in northern Norway was 

collected for this study. AMD samples were characterized to determine the initial metal 

concentrations and pH levels. Then, pH of the solution was adjusted using 0.01M NaOH 

to find optimum conditions for subsequent selective adsorption process. Chemical 

composition of the original and pH adjusted samples were analysed using Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS, Agilent 7900, US). Analysing solubility 

of dissolved metals in real AMD with pH adjustment is critical for achieving selective Eu 

recovery. Results from this study will be critical to understand the pH-dependent 

speciation, optimize recovery conditions, and design effective separation and purification 

strategies for Eu. 

 

Selective adsorption study:  

Based on the optimum pH conditions identified in the previous study, selective adsorption 

studies were conducted using pre determined quantities of powdered SBA-NH2-PMIDA. 

The objective of this experiment was to find the optimum dosage to maximize Eu 

recovery while minimizing the uptake of other dissolved metals. Experiments were 

carried out using 50 ml beakers containing ph adjusted real AMD. Samples were agitated 

on flat shaker at room temperature (24 ± 1°C) for 24 h to provide sufficient time for the 

adsorption process to reach equilibrium, ensuring accurate and consistent results. pH and 

temperature of the samples were measured using a multimeter (HQ40d, HACH, USA) 
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and Inductively coupled plasma-mass spectrometry (ICP-MS, Agilent 7900, USA) was 

used to determine the cation concentrations before and after adsorption.  

Further selective adsorption experiments were conducted using binary synthetic solutions 

to understand specific capacity of SBA15-NH-PMIDA for selective Eu recovery in the 

presence of individual tri-valant (Fe, AL) and di-valant (Zn, Cu) metal ions. In each 

binary solution, similar concertations of Eu and other metals found in real AMD were 

kept to the same values as found in real AMD was maintained. All samples were agitated 

for 24h at room temperature (24 ± 1°C). Concentrations of metals before and after 

adsorption were analysed using ICP-MS 

7.2 Results and discussion 

7.2.1 Characterization of adsorbents  

Crystal structure: 

XRD patterns of pristine SBA15-NH2, pristine SBA15-NH-PMIDA and spent SBA15-

NH2-PMID were analysed. The XRD pattern (Figure 7.1) of SBA15-NH2 shows two 

clear peaks at (1 0 0) and (2 0 0), which corresponds to the hexagonal structure of 

mesoporous silica (Kim et al., 2015). The peak at (1 0 0) decreased for SBA15-NH-

PMIDA, which is a sign of reduction in the mesoscopic order of the structure (Aguado et 

al., 2009). This may be due to the pore reduction caused by grafted phosphonic groups. 

XRD pattern of spent SBA15-NH-PMIDA remained similar to that of the fresh adsorbent. 

This suggests that the hexagonal structure remained unchanged during adsorption, which 

is beneficial for repetitive adsorption/desorption.  
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Figure 7.1: XRD patterns of pristine SBA15, pristine SBA15-NH2, pristine SBA15-NH-

PMIDA and spent SBA15-NH-PMIDA 

 

Chemical properties (FTIR): 

 

Figure 7.2: FTIR spectrums of a) SBA15, b) SBA15- NH2, c) SBA15-NH-PMIDA 

before adsorption and d) SBA15-NH-PMIDA after adsorption 

FTIR analysis (Figure 7.2) was carried out to investigate the chemical properties of 

SBA15 and its modifications. The observed peaks at 1080 and 800 cm−1 signify the 
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presence of Si–O–Si bonds, which are characteristic constituents of SBA15 material. The 

presence of these peaks in both the virgin and modified SBA15 samples confirms that the 

structure of SBA15 remained intact and undamaged after the two modification processes 

(Ryu et al., 2019; Wang et al., 2015). The reduction in the peak at 970 cm−1 suggests that 

a reaction has occurred between silica and hydroxyl groups, as reported by Ali et al. (Ali 

et al., 2023). This implies the successful amine modification of SBA-15, as evidenced by 

the reaction between NH2 and Si–OH (Nie et al., 2020). Peaks at 2900 and 1400 cm−1 in 

the curves corresponding to SBA15-NH-PMIDA indicates the presence of P–OH and 

NH-COOH vibrations respectively. This confirms that PMIDA reacted successfully with 

the amine groups and were successfully grafted onto the surface of SBA15. Further 

analysis on adsorption mechanisms using FTIR analysis have been discussed in 

subsequent sections. 

 

Surface area and pore size distribution: 

BET surface area and BJH pore size distribution analysis of pristine SBA15, SBA15-

NH2 and SBA15-NH-PMIDA were carried out to determine physical properties. 

According to Table 7.1, pristine SBA15 recorded a BET surface area of 826 m2/g, which 

reduced to 113 m2/g after modification. This can be due to pore blocking as a result of 

amine and PMIDA functional groups grafted onto the surface of SBA15. Similar findings 

were reported by ryu et al. (2019), where BET surface area reduced from 830 m2/g to 310 

m2/g after amine grafting. Isotherm graph of N2 adsorption/desorption at 77 K for SBA15-

NH-PMIDA is presented in figure 7.3a and the clear hysteresis implies the adsorption on 

mesopores of the material (Dolatyari et al., 2016; Moritz & Łaniecki, 2012)  
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Table 7.1: Physical properties of adsorbents 

Adsorbent 

BET Surface 

Area 

Pore 

Volume 

Mean Pore 

Diameter 

  (m2.g-1) (cm3.g-1) (nm) 

Pristine SBA15 826 1.27 6.16 

SBA15- NH2 330 0.78 9.45 

SBA15-NH- PMIDA 113 0.26 9.16 

Cr-MIL-PMIDA 1049.4 0.69 2.15 

 

 

Figure 7.3: (a) N adsorption and desorption isotherm and (b) pore size distribution of 

SBA15-PMIDA 

Pore size distribution graph of SBA15-NH-PMIDA exhibits a prominent peak in the pore 

diameter range of 7-8 nm (Figure 7.3b). Study conducted by Ryu et al. (2019) reported 

that virgin SBA15 showed peaks around 6nm. The slight shift of the peak to the right post 

modification can be due to partial or complete blocked pores due to functionalization 

((
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reactions. This effect can reduce the number of smaller pores and increase the proportion 

of larger pores, resulting in a shift of the peak towards larger sizes (Shi et al., 2023). This 

outcome explains that amine groups and PMIDA ligands were grafted well on the pores 

of SBA15 structure. 

 

SEM and EDS analysis: 

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS) 

analyses were conducted on pristine SBA15-NH-PMIDA to observe surface morphology, 

elemental composition, and structural characteristics. SEM images (Figure 7.4a) exhibit 

the well-ordered , 2D hexagonal structured array of the mesoporous material. The spheres 

observed are likely to be the particles or aggregates of the mesoporous silica material 

itself (Ijaz et al., 2020). Results indicated that the modified adsorbents were able to 

maintain well-ordered structure as that of the virgin SBA-15, as previously reported by 

Ryu et al. (2019). EDS chart of pristine SBA15-NH-PMIDA (Figure 7.4b) confirms the 

presence of phosphorous, carbon and oxygen with distinct peaks at respective energy 

bands. This further confirms successful reaction between amine ligands and PMIDA 

during synthesis. 
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Figure 7.4: (a) SEM image and (b) EDS chart of pristine SBA15-NH-PMIDA 

 

7.3 Influence of pH 

7.3.1 Influence of pH and surface charge on Eu uptake by SBA15-PMIDA 

The pH of the solution dictates the surface condition of adsorbent and adsorbate in an 

aqueous media (Iftekhar et al., 2018). The effect of pH on Eu recovery by SBA15-PMIDA 

was investigated within the pH range of 2 to 6 using single-solute synthetic Eu solutions. 

Higher pH values were avoided since REEs tend to form insoluble REE(OH)3 species 

above pH 6, which would hinder the adsorption process.(Abdel Maksoud et al., 2022; 

Hatanaka et al., 2017; Zhang & Honaker, 2018).  

(a) (b) 
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The results revealed a significant correlation between Eu recovery on SBA15-NH-

PMIDA and the solution pH (Figure 7.5). As pH increased from 2 to 6, Eu recovery 

showed a notable improvement, rising from 11% to 96%. The maximum Eu recovery was 

attained at a pH value of approximately 4.75 ± 0.1 (pHeq). The corresponding surface 

charge (zeta potential) exhibited an increasing trend of negative charge with higher pH 

values (Fig. 7.5). This observation suggests that the enhanced Eu recovery is likely due 

to the deprotonation of functional groups on the adsorbent surface. The pH of 4.75 ± 0.1 

was identified as the optimum condition for achieving high Eu recovery. This optimum 

pH value was selected for all subsequent adsorption studies.

Figure 7.5: Influence of pH on Eu uptake and SBA15-PMIDA surface charge (Initial Eu 

Concentration: 5 mg/l)
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7.4 Adsorption study 

7.4.1 Equilibrium experiments 

 

Figure 7.6: Adsorption of Eu on (a) powdered SBA15-NH-PMIDA and (b) granulated 

SBA15-NH-PMIDA  

 

Table 7.2: Adsorption isotherm parameters 

  Langmuir Freundlich 

  Qm (mg/g) b (L/mg) R2 KF (g1-n Lng-1) n R2 

Powder 86.21 1.51 0.99 54.90 5.98 0.96 

Granulated 57.47 0.97 0.99 28.40 3.80 0.93 

 

Adsorption experiments were conducted with powdered and granulated SBA15-NH-

PMIDA at room temperature (25 ± 1 ℃) and corresponding isotherms were plotted for 
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initial Eu concentrations ranging from 2.5 mg/l to 30 mg/l at an optimum pH 4.75 ± 0.1 

(Figure 7.6). Adsorption data showed good fit to both Langmuir and Freundlich models 

high R2 values (Table 7.2). Hence, the adsorption process exhibit characteristics of both 

monolayer adsorption and multilayer adsorption with interactions between adsorbed Eu 

molecules. The Langmuir isotherm assumes a monolayer adsorption mechanism, while 

the Freundlich isotherm allows for multilayer adsorption and considers the adsorption 

intensity (Kalam et al., 2021).   The maximum Langmuir adsorption capacity (Qm) for 

powdered SBA15-NH-PMIDA was calculated to be 86.21 mg/g which is a significant 

improvement compared to previous studies on REE adsorption (Fonseka et al., 2021; Ryu 

et al., 2021). Study conducted by Fonseka et al. (Fonseka et al., 2021) reported that Cr-

MIL-PMIDA maximum adsorption capacity of 69.21 mg/g. SBA15 is a mesoporous 

silica material with a well-defined pore structure, providing a large surface area and 

accessible pore volume for adsorption (Ryu et al., 2019). N-(phosphonomethyl) 

iminodiacetic acid (PMIDA) is a ligand that can form complexation or coordination 

interactions with REE ions (Fonseka et al., 2021; Lee et al., 2018). Therefore, the 

functionalization of SBA15 with PMIDA offer favourable conditions for Eu adsorption.  
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7.4.2  Kinetics experiments 

 

Figure 7.7: Pseudo 1st order and Pseudo 2nd order Eu adsorption kinetic graphs for a) 

Powdered SBA15 -NH2-PMIDA and b) granulated SBA15-NH2- PMIDA  

(Where, C0 – Initial concentration of Eu, C – Concentration of Eu at time t) 

 

Table 7.3: Adsorption kinetic parameters of powdered SBA15-PMIDA 

 

Adsorbent Initial 
Concentration 

of Eu 
Pseudo 1st Order Pseudo 2nd Order 

Surface diffusion 
model 

 

  Qe (mg/g) k1(s-1) R2 Qe (mg/g) 
k1 

(g/mg.s) 
R2 

Ks 

(m/s) 

Ds 

(m2/s) 

Powdered 
SBA15-PMIDA 

10 mg/l 47.45 11.43 0.97 46.51 0.27 0.99 6.50 E-
05 

4.50 E-
17 20 mg/l 65.11 20.97 0.98 65.79 0.23 0.99 

Granulated 
SBA15-PMIDA 

10 mg/l 35.53 6.10 0.94 34.60 0.70 0.99 5.50 E-
05 

4.00 E-
17 20 mg/l 50.97 17.68 0.99 50.76 0.43 0.99 
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The kinetic studies for both powdered SBA15 PMIDA and granulated SBA15 PMIDA 

were carried out for Eu(III) adsorption at pH 4.75 ± 0.1, with initial concentrations of 

10 mg/l and 20 mg/l (Figure 7.7). For both adsorbents, the equilibrium was reached within 

2 h, followed by a stable plateau. The kinetic data were analysed by pseudo-first-order, 

pseudo-second-order  and surface diffusion models. For both materials, experiment data 

had a better fit to pseudo-second-order model (Table 7.3). Based on the kinetic models 

and data analysis, it appears that the uptake of Eu ions on SBA15 follows a two-step 

process. Initially, there is rapid surface adsorption, where Eu ions quickly adhere to the 

surface of SBA15. This step is likely driven by physical interactions such as electrostatic 

forces. In the second step, the Eu ions undergo chemisorption onto the functional groups 

present on the highly porous surface of SBA15. This chemical sorption step is the rate-

limiting factor in the overall uptake process, meaning it is the slower step that determines 

the overall kinetics. The presence of hydroxyl (-OH), carboxyl (-COOH) and phosphonic 

(-NH2-C-PO(OH)2) groups on the porous surface of SBA15 provides sites for strong 

chemical interactions with the Eu ions. The surface diffusion model is of great importance 

in understanding adsorption kinetics. It improves the accuracy of predicting adsorption 

kinetics compared to simpler models that do not consider surface diffusion. By taking 

into account the mobility of adsorbate molecules on the surface, the surface diffusion 

model allows for a more realistic representation of the adsorption process (Putranto & 

Aziz, 2020). The coefficients Kf and Ds for powdered SBA15-NH-PMIDA from surface 

diffusion model were calculated to be 6.50 x 10-5 m/s and 4.5 x 10-17 m2/s respectively. 

These values were higher than what was previously reported for powdered Cr-MIL-

PMIDA by Fonseka et al. (Fonseka et al., 2021). High film diffusion rates lead to more 
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rapid delivery of adsorbate molecules to the surface, which can result in faster adsorption 

kinetics. Meanwhile, high surface diffusivity enables adsorbates to move more freely on 

the surface, increasing the chances of finding energetically favorable sites for adsorption 

(Liu et al., 2023).  

Moreover, Eu uptake on SBA15-NH-PMIDA occurred at a faster rate compared to 

conventional adsorbents under similar experimental conditions (Dupont et al., 2014; 

Elsaidi et al., 2018; B. Hu et al., 2017; Jiang et al., 2016). Fonseka et al.(Fonseka et al., 

2021) reported similar rapid equilibrium time for Eu uptake on Cr-MIL-PMIDA. 

However, Cr-MIL-PMIDA had lower adsorption capacity (69.14mg/g) compared to 

SBA15-NH-PMIDA (86.21 mg/g). Hence, SBA15-PMIDA can be considered a highly 

effective and efficient adsorbent for removal of Eu from aqueous solutions. 

 

7.5 Recovery of Eu from real Acid Mine Drainage (AMD) 

This study also focused on assessing the practical application of selective Eu recovery 

from acid mine drainage (AMD) using SBA15-PMIDA. Acid mine drainage from an 

abandoned mining site in northern Norway was first collected and then analyzed for 

chemical composition (Table 7.4). 

Table 7.4: Chemical composition of AMD (pH = 2.0 ±0.2) 

Parameters 
Concentration 

(mg/l) 

Na 37 
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Mg 220 

Al 170 

S 1300 

Ca 190 

Cr 0.4 

Mn 6.3 

Fe 620 

Ni 0.53 

Cu 65 

Zn 41 

Eu 3.2 

 

AMD consists of high concentration of Sulphur (in the form of SO4
-3), transition metals 

and multivalent ions (Fe, Mg, Al, Ca, Cu, Zn) with low pH (2.0 ± 0.1). Rare earth 

elements were found to be present in low concentrations, with Eu being the predominant, 

with a concentration of 3.2 mg/l (Table 7.4). Selective recovery of Eu using SBA15-

PMIDA can become challenging with high concentrations of trivalent Fe and Al in AMD 

(Naidu et al., 2019). Hence, careful consideration and optimization of the operating 

conditions, such as pH adjustment are necessary to overcome these challenges and 

improve the selectivity towards Eu. 
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7.5.1 Influence of pH on solubility of dissolved metals in AMD 

This experiment was conducted to investigate the effect of pH on the leaching and 

solubility of metals present in the AMD (Figure 7.8). NaOH, a commonly used alkaline 

agent in the industry, was utilized to adjust the pH of AMD from 2.0 to 5.0. Dissolved 

metals at different pH values were measured to obtain optimum conditions. The presence 

of trivalent Fe and Al in high concentrations can detrimentally affect the selectivity of 

SBA15-NH-PMIDA towards Eu (Fonseka et al., 2021). Since Fe3+ and Al3+ have similar 

ionic properties to Eu3+, they can occupy the functional groups on the adsorbent surface 

and thereby reduce the adsorption capacity of SBA15-NH-PMIDA specifically for Eu. 

Since trivalent Fe3+ and Al3+ ions carry positive charges, similar to Eu3+, electrostatic 

interactions between positively charged metal ions and the negatively charged functional 

groups of SBA15-PMIDA can interfere with the selective adsorption of Eu ions, reducing 

the overall selectivity of the adsorbent. pH of 4.5 – 5.0 favoured maximum precipitation 

of Fe and Al by more than 99%, while around 38% of Eu remained dissolved (Table 7.5. 

This phenomenon is attributed to the relatively low solubility limit of Fe and Al at this 

pH range. (Miranda et al., 2022). 

These results confirm that adjusting the pH of AMD to 4.5 – 5.0 was favourable since it 

precipitated almost all of Fe/Al and it coincides with the optimum pH range for maximum 

uptake of Eu onto SBA15-NH-PMIDA. Therefore, pH of 4.75 ±0.1 was selected for all 

selective adsorption experiments. 
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Figure 7.8: Precipitation of dissolved metals in AMD through pH correction 

(Where C = Concentration at initial  pH, C0= Concentration at adjusted pH) 

 

 

Table 7.5: Concentration of dissolved metals in AMD at different pH values (mg/l) 

  

Initial 

(pH 2.0) 
pH 3.0 pH 4.0 pH 4.5 pH 4.8 

Mg 220.0 ± 5.0 190.0 ±7.0 150.0 ±5.0 130.0 ±5.0 130.0 ±5.0 

Al 170.0 ± 7.0 160.0 ±5.0 120.0 ±5.0 43.0 ±2.0 ND 

Ca 190.0 ± 5.0 180.0 ±5.0 165.0 ±5.0 110.0 ±5.0 110.0 ±5.0 

Cr 0.4 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 0.1 ± 0.05 ND 

Mn 6.3 ± 0.3 5.8 ± 0.5 5.5 ± 0.3 3.5 ± 0.1 3.2 ± 0.1 

Fe 620.0 ± 5.0 580.0 ±7.0 58.0 ±5.0 9.7 ±1.0 ND 
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7.5.2 Selective adsorption tests  

Application of SBA15-NH-PMIDA for recovery of Eu from real mining wastewater was 

analysed. Mining wastewater is often complex and contains various pollutants, including 

heavy metals, metalloids, organic compounds, and other contaminants. Using real 

wastewater provides a more accurate representation of the challenges involved in treating 

such industrial effluents.  

Pre determined amounts of powdered SBA15-NH-PMIDA was mixed with 50 ml of pH 

adjusted (pH 4.8) real acid mine drainage and stirred in room temperature for 24 hours. 

Samples were then filtered and analysed for residual concentrations of dissolved metals. 

Adsorption trends of metals at different adsorbent doses are shown in figure 7.9. 

Europium uptake remained at less than 20% with low adsorbent dosage of 0.2g/l. 

However, this value increased to over 80% at higher adsorbent amounts. This can be 

attributed to higher number of free adsorption sites with increased adsorbent dosage. 

Higher adsorbent dose can lead to faster kinetics and shorter contact times. With more 

Ni 0.5 ± 0.1 0.5 ± 0.1 0.5 ±0.1 0.3 ±0.1 0.3 ±0.1 

Cu 65.0 ± 2.0 53.0 ±3.0 40.0 ±3.0 31.0 ±3.0 24.0 ±2.0 

Zn 41.0 ± 3.0 36.0 ±3.0 25.0 ±2.0 23.0 ±3.0 24.0 ±2.0 

Eu 3.2 ± 0.1 2.8 ± 0.1 2.1 ± 0.1 1.4 ± 0.1 1.2 ± 0.1 
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adsorbent available, the rate of europium adsorption onto the surface increases, 

facilitating quicker attainment of the equilibrium adsorption capacity. At 0.8 g/l of 

SBA15-NH-PMIDA dosage, Eu adsorption was reported to be over 80% while the uptake 

of other metals remained below 20%. According to fig.11, uptake of competing heavy 

metals increased considerably at dosage of 1.6 g/l, while Eu uptake increased marginally 

to 84%. While a higher adsorbent dose initially increased the recovery rate, further 

increases in adsorbent dosage do not significantly improve the recovery rate beyond a 

saturation point (Al-dhawi et al., 2023). At this point, the adsorbent becomes fully loaded 

with europium ions, and adding more adsorbent will not lead to additional europium 

recovery. Hence, it can be concluded that 0.8 g/l dosage is optimum to selectively recover 

Europium from AMD. Study conducted by Fonseka et al (Fonseka et al., 2022) reported 

that 3.2 g/l of powdered Cr-MIL-PMIDA is necessary for optimum selective recovery of 

Eu from a synthetic AMD solution. Therefore, SBA15-NH-PMIDA can achieve similar 

recovery rate with considerably lower amounts of adsorbent. Higher use of adsorbent 

material can significantly increase the cost of recovery process. Balancing the cost of the 

adsorbent with the desired recovery rate is crucial for practical and economically viable 

europium recovery from AMD. 

The chelating properties of phosphonic and carboxyl groups play a critical role in 

enhancing the selectivity of europium recovery processes (Chen et al., 2022). These 

ligands have lone pairs of electrons that can coordinate with the europium ion, leading to 

the formation of strong bonds between the ligands and Eu ions (Li et al., 2020; Qiang et 

al., 2021). The affinity of aforementioned ligands towards europium is higher compared 

to di valant heavy metal ions (Figure 7.9). Therefore, phosphonic and carboxyl groups 
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preferentially coordinate with europium ions, forming stable chelate complexes. It's 

important to note that the success of selective recovery depends not only on the ligand's 

affinity but also on other factors, such as pH, temperature, and the presence of competing 

metal ions (Romal & Ong, 2023).  

Futher experiments were carried out with binary mixtures of Eu and heavy metals, with 

similar concentration ratios found in AMD. SBA15-NH-PMIDA displayed high 

selectivity over competing divalent cations similar to findings in the previous experiment. 

Around 90% of selective Eu uptake was maintained, while Zn and Cu uptake remained 

below 4%. However, selectivity of SBA15-NH-PMIDA reduced considerably in the 

presence of trivalent cations such as Fe and Al (Figure 7.10). Uptake of Eu was found to 

be 68% in the presence of Al and 54% against Fe.  Fe3+ and Al3+ ions have strong affinities 

for oxygen-containing ligands, such as phosphonic and carboxyl groups, due to their high 

charge densities and Lewis acid properties (Hao et al., 2022; Lee et al., 2018). This strong 

affinity allows Fe3+ and Al3+ to outcompete europium for coordination with the ligands. 

Study conducted by Fonseka et al. (2021) reported similar findings for Cr-MIL-PMIDA. 

However, it showed higher Eu recovery rates in the presence of Fe and Al in binary 

systems (Fe + Eu, Al + Eu). This can be due to the appropriate pore size of Cr-MIL-

PMIDA (2 nm) and geometries that favor the selective uptake of europium ions while 

limiting the access of larger metal ions like Fe and Al (Lee et al., 2018). In contrast, 

SBA15-NH-PMIDA have a more open pore structure with pore diameter around 9 nm, 

allowing easier access for Fe and Al ions to its surface. Furthermore, Cr-MIL-PMIDA, 

have a much robust and stable structure that can retain its selectivity even under 

challenging conditions (Fonseka et al., 2021; Lee et al., 2018). In contrast, the stability 
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and selectivity of SBA15-NH-PMIDA might be more susceptible presence of competing 

tri valant metal ions. Therefore, it is critical to precipitate Fe and Al from AMD by pH 

corrrection prior to adsorption to improve selectivity towards Eu. 

 

Figure 7.9: Adsorption of dissolved metals from pH adjusted acid mine drainage 
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Figure 7.10: Adsorption of dissolved metals from synthetic binary solutions using 

SBA15-NH-PMIDA 

 

7.6 Comparison of selective adsorption of Eu between Cr-MIL-PMIDA and 

SBA15-NH-PMIDA 

A comparative analysis of the selectivity for europium (Eu) uptake between Cr-MIL-

PMIDA and SBA15-NH-PMIDA was carried out using real AMD obtained from northern 

Norway (Table 7.4). The study aimed to discern and evaluate the differential capabilities 

of these two materials in terms of their preferential adsorption of Eu ions. Cr-MIL-

PMIDA, characterized by its metal-organic framework nature, exhibited well-defined 

crystalline structures with inherent porosity and tunable functionalities.  
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Figure 7.11: Recovery of Eu from pH adjusted real AMD using Cr-MIL-PMIDA and 
SBA15-NH-PMIDA 

(Experimental condition: 50 ml AMD volume, 0.8 g/l adsorbent dose, 24 h equilibrium 
time, pH = 4.8 ± 0.1) 

 

According to figure 7.11, Cr-MIL-PMIDA shows superior selectivity towards Eu (88%) 

compared to SBA15-NH-PMIDA (81%). Since the two materials possess the same 

PMIDA functional ligands, differences in selectivity can be attributed to variations in 

physical properties, such as pore size, surface area, and structural characteristics (Callura 

et al., 2018). These physical properties influence the interactions between the ligands and 

the adsorbed species, ultimately affecting the materials' adsorption behaviour.  

Coordination sites within the Cr-MIL-PMIDA structure demonstrated significant affinity 

for Eu ions due to tailored ligand properties and metal links, resulting in strong 

adsorption. SBA15-NH-PMIDA, characterized by its mesoporous silica nature, possess 

a well-ordered, large-pore structure with accessible surface area. According to table 7.1, 
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Cr-MIL-PMIDA has a larger surface area (more than 9 folds) and pore volume (more 

than 2 folds). However, SBA15-NH-PMIDA has a larger pore size (9.16 nm) compared 

to Cr-MIL-PMIDA (2.15 nm). The higher single-solute Eu adsorption capacity observed 

in SBA15-NH-PMIDA (86.21 mg/g, table 7.2) compared to Cr-MIL-PMIDA (69.14 

mg/g, table 4.4) can be attributed to the combination of larger pore size and the structural 

characteristics that promote multi-layer adsorption and the formation of bulkier 

complexes. On the other hand, Cr-MIL-PMIDA's size-selective adsorption and 

potentially stronger ligand-metal interactions might contribute to its slightly lower 

adsorption capacity. The interplay of these factors underlines the importance of 

understanding the materials' structural and surface properties when interpreting and 

optimizing their adsorption performance. 

The larger pore size allows for increased spatial freedom within the pores, potentially 

enabling more diverse coordination and binding interactions between the adsorbent's 

functional groups and various metal species. The smaller pore size of Cr-MIL-PMIDA 

restricts the entry of larger metal ions or complex species, leading to size-selective 

adsorption (Fonseka et al., 2021). The significant difference in pore sizes between 

SBA15-NH-PMIDA and Cr-MIL-PMIDA can significantly impact the selectivity. The 

larger pore size of SBA15-NH-PMIDA allows for the accommodation of larger metal 

species and complex molecules, broadening its selectivity profile. In contrast, the smaller 

pore size of Cr-MIL-PMIDA restricts the entry of larger species, contributing to its size-

selective adsorption. Although both materials contain the same PMIDA ligand, the 

arrangement of the ligands on the surface of the material can differ. Even slight variations 
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in the orientation or density of ligands can lead to differences in the steric effects and 

electrostatic interactions with adsorbed species (Lu et al., 2021).  

In conclusion, the combination of low production cost and high reusability lends SBA15-

NH-PMIDA a broad applicability that transcends its slightly lower selectivity compared 

to Cr-MIL-PMIDA. Economic advantages and sustainable features of SBA15-NH-

PMIDA make it a practical and attractive choice for various industries seeking efficient 

and cost-effective separation solutions. Detailed cost analysis for the production of 

SBA15-NH-PMIDA is presented in chapter 8. Ultimately, the selection between these 

materials should be based on a holistic evaluation of their performance, cost-

effectiveness, and compatibility with the specific demands of the intended application. 

7.7 Reusability of SBA15-NH-PMIDA 

Reusability is critical for industrial application of novel adsorbents such as SBA15-NH-

PMIDA. In this study, granulated SBA15-NH-PMIDA was analysed over ten 

adsorption/desorption cycles using 5 mg/l synthetic Eu solution. 0.01M HCl was used as 

the stripping agent and Milli Q water was used for washing. As explained earlier, 

protonation of functional ligands in acidic conditions creates a repulsive force with Eu3+ 

which results in desorption of ions to the solution. As shown in Figure 7.12, SBA15-NH-

PMIDA retained over 89% of the initial Eu adsorption capacity after 10 cycles. This 

reflects negligible loss of functional groups during regeneration process, confirming 

successful surface modification with PMIDA. 
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Figure 7.12: Cyclic adsorption tests for Eu recovery at initial concentration of 5 mg/l at 

pH 4.75 ± 0.1 

 

7.8 Mechanism for Selective Eu recovery with SBA15-NH-PMIDA 

Selectivity of SBA15-NH-PMIDA towards europium over competing metal ions is a 

result of specific chemical interactions and complex formation between europium ions 

and the ligand's coordination sites, as well as the overall stability and properties of the 

resulting chelate complex (Fonseka et al., 2021; Lee et al., 2018). Other factors, such as 

solution conditions, pH, and the presence of competing metal ions, also influence the 

selectivity of PMIDA for europium. According to figure 7.5, optimum pH of 4.75 ±0.1 

resulted in maximum Eu uptake at which favourable conditions for deprotonation of 

functional groups were present. At low pH, surface of SBA15-NH-PMIDA have a net 
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positive charge due to the protonation of amino groups. As pH increases, surface becomes 

negatively charged due to the deprotonation of NH3+, P-OH and COOH groups. 

 FT-IR analysis of pristine SBA15-NH-PMIDA confirmed the presence of phosphonic, 

carboxylic and amine groups. The carboxylic and phosphonic acid groups in PMIDA 

provide multiple coordination sites, enabling them to bind to Eu ions through 

coordination bonds (Liu & Chen, 2021; Wan et al., 2023). Oxygen atoms in these 

functional groups act as electron donors, forming coordinate covalent bonds with the Eu 

ions, which act as electron acceptors (Li et al., 2023). This coordination interaction results 

in the formation of stable complexes between Eu and PMIDA.  FTIR analysis of spent 

SBA15-NH-PMIDA were carried out to further establish selective adsorption 

mechanisms. Peaks in the vibration bands assigned to phosphonic group (1100 – 900 cm-

1) and carboxylic group (600 -700 cm-1) shifted to lower frequencies after adsorption 

(Figure 7.13a). In the context of Eu coordination with the phosphonic ligand, the shift of 

the peak at 1055 cm-1 to a lower frequency likely corresponds to a change in the 

vibrational frequency of the phosphonate (PO) stretching vibration. The coordination of 

Eu with the phosphonic ligand alters the local bonding environment around the 

phosphonate groups, resulting in the observed shift to lower frequencies (Nakamoto, 

2006b). Similarly, a shift in peak at 600-700 cm-1 to a lower frequency likely suggests a 

weakening of the C-O bond due to the coordination with Eu (Figure 7.13b). This 

weakening can be associated with the formation of a coordination complex between the 

carboxylic group and the adsorbate. The coordination bond typically involves the 

donation of electron pairs from the carboxylic oxygen to the Eu, which results in a 

decrease in the vibrational frequency (Vijayaraghavan et al., 2018). However, there was 
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no change observed in vibration range assigned to N-H stretching (3200 -3500 cm-1) after 

adsorption, suggesting that Eu ions did not interact with amine ligands.  

 

 

 

 

 

 

 

 

 

Figure 7.13: FTIR spectra of SBA15-NH-PMIDA before and after adsorption 

 

Physical properties of the adsorbent plays a key role in selectivity towards a target metal. 

SBA15-NH-PMIDA, being a mesoporous material, have larger and more open pores 

compared to MOFs like Cr-MIL-PMIDA (Fonseka et al., 2021). The larger pore size 

allows for easier diffusion and access of various metal ions, including Al and Fe, to the 

adsorbent surface. Consequently, SBA15-NH-PMIDA may have lower selectivity for 

europium over Al and Fe compared to Cr-MIL-PMIDA.  

Table 7.6 summarises the Eu adsorption capacities of different novel adsorbents. Titanate 

nanorings and graphene oxide-maghemite-chitosan composites reported superior single 

(a) (b) 
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component Eu adsorption capacities. However, SBA15-NH-PMIDA was observed to 

have high selectivity for Eu in complex multicomponent solutions, such as Acid Mine 

Drainage (AMD). This confirms that the presence of phosphonic and carboxylic groups 

in SBA15- NH2-PMIDA is primarily responsible for its high selectivity toward Rare 

Earth Elements (REEs), including europium (Eu). 

 

Table 7.6: Comparison of Eu adsorption capacities of different adsorbents 

 

7.9 Summary 

In this study, a novel SBA15-NH-PMIDA material was synthesized following a two step 

surface modification process using 3- aminopropyl triethoxysilane (APTES) and N-

(phosphonomethyl) iminodiacetic acid (PMIDA) for selective recovery of Europium (Eu) 

from real AMD. First, a comprehensive physical and chemical characterisation of the 

Adsorbent pH Adsorption 
Capacity 
(mg/g) 

Reference 

SBA15-NH-PMIDA 4.8 86.21 This study (Chapter 7) 

Cr-MIL-PMIDA 5.5 69.14 (Fonseka et al., 2021) 

Al-substituted goethite 5.5 4.24 (Li et al., 2017) 

GO-MGH-CS III 5.0 160.00 (Lujanienė et al., 
2022) 

SBA-15 Mesoporous Silica  4.0 15.20 (Dolatyari et al., 
2016) 

SBA-15/SO3H 4.0 8.60 (Dousti et al., 2019) 

Titanate Nanorings 5.0 115.30 (Zheng et al., 2020) 

TiO2 4.5 2.69 (Tan et al., 2009) 

mesoporous Al2O3/EG composites 6.0 5.14 (Sun et al., 2012) 
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material was conducted to verify successful synthesis of the material followed by detailed 

adsorption studies.  

• Single solute Eu adsorption tests revealed that SBA15-NH-PMIDA reached 

equilibrium within two hours and showed maximum Langmuir adsorption 

capacity of 86.21 mg/g at optimum pH 4.8.  

• Furthermore, the material selectively recovered over 80% of Eu from pH adjusted 

real AMD at optimum dosage of 0.8 g/l. 

• High selectivity was due to the formation of strong Eu complexes with 

phosphonic and carboxyl functional groups.  

• A comparative study showed that Cr-MIL-PMIDA (88%) has a slightly higher 

selectivity towards Eu compared to SBA15-NH-PMIDA (81%) from real mining 

wastewater.  

• SBA15-NH-PMIDA managed to retain over 90% of adsorption capacity over 10 

regeneration cycles, making it an economically viable adsorbent for industrial 

scale applications.  

 

However, granulation of SBA15-NH-PMIDA is necessary for industrial applications to 

improve handling, reduce pressure drop, enhance mass transfer and ensure reproducibility 

and scalability. Next chapter of this thesis analyses the performance of a membrane 

distillation/adsorption hybrid system, using granulated SBA15-NH-PMIDA for 

simultaneous water and Eu recovery.  
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CHAPTER 8 

 

 

 

MEMBRANE DISTILLATION/ADSORPTION SYSTEM FOR 

SELECTIVE EU RECOVERY FROM MINING WASTEWATERS 

 

 

 

 

*This chapter is based on the following journal publication  

Fonseka, C.; Ryu, S.; Choo, Y.; Naidu, G.; Foseid, L.; Thiruvenkatachari, R.; 

Kandasamy, J.; Ratnaweera, H.; Vigneswaran, S. Selective Recovery of Europium from 

real acid mine drainage by using novel SBA15-NH-PMIDA adsorbent and membrane 

distillation system. Journal of Water Process Engineering, 56, 104551. 

doi:https://doi.org/10.1016/j.jwpe.2023.104551 

 

 

https://doi.org/10.1016/j.jwpe.2023.104551
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8 Introduction  

Increasing the concentration of REE within AMD is a crucial step toward efficient and 

selective recovery. This strategy not only enhances the technical feasibility of recovery 

processes but also contributes to the overall economic viability and sustainability of the 

selective adsorption process. In this regard, membrane distillation is a thermal separation 

process that relies on differences in vapour pressure to separate dissolved metals (such as 

REE) from highly concentrated waste streams (Foureaux et al., 2020). Kesieme et al. 

(Kesieme et al., 2014) used direct contact membrane distillation setup with PTFE (flat 

sheet membrane) to successfully treat acid mine leach solution. Furthermore, Naidu et al. 

(Naidu et al., 2017) and Ryu et al. (Ryu et al., 2020) successfully explored membrane 

distillation/adsorption systems to selectively recover valuable metals (Rb and Cu) from 

the concentrated feed using granulated adsorbents. Therefore, integration of membrane 

distillation and adsorption offers a holistic solution that not only improves water quality 

but also maximizes the value derived from waste streams containing valuable resources.  

This research aimed to achieve two primary objectives: (a) an exploration of the 

performance of granulated SBA15-NH-PMIDA, for the selective recovery of Eu, and (b) 

a comprehensive analysis of the efficacy of membrane distillation in amplifying Eu 

concentration while concurrently yielding purified water from AMD. An assessment 

encompassing the physical and chemical characterization of granulated SBA15-NH-

PMIDA was conducted to unravel the underlying mechanisms governing its selective 

adsorption capabilities. Finally, a hybrid system coupling direct contact membrane 

distillation (DCMD) with adsorption, employing granulated SBA15-NH-PMIDA, was 

operated to achieve simultaneous water and Eu recovery from a synthetic AMD solution 
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mirroring the composition of actual AMD samples. The economic viability of this novel 

adsorbent was gauged through multiple tests and sequential adsorption experiments. 

 

8.1 Granulation of SBA15-NH-PMIDA  

SBA15-NH-PMIDA was granulated using sodium alginate and calcium chloride 

solutions (Ryu et al., 2021). 1 g of powdered SBA15-NH-PMIDA was first added to 10 

ml of sodium alginate (1.5%) solution. Mixture was then loaded to a 50 ml syringe and 

gently trickled down to 0.05M CaCl2 solution with gentle stirring (100 rpm). Granulated 

material (diameter = 2.0 ± 0.1 mm) was then sieved and dried at 70°C for 12 hours. 

8.2 Direct Contact Membrane Distillation (DCMD)/adsorption system setup  

DCMD experiments were carried out with synthetic AMD with similar chemical 

composition to real AMD. Aim of this experiment was to analyse the efficiency of 

conventional DCMD in recovering clean water from AMD and to concentrate Eu, which 

would otherwise exist in trace concentrations. The setup comprises of a flat sheet 

membrane module (40 cm2), integrated with a double wall jacket reactor. Commercially 

available, polytetrafluoroethylene (PTFE) hydrophobic flat-sheet membrane was 

purchased acquired from General Electric, US. The membrane had an average pore size 

of 0.22 µm, a porosity ranging from 70% to 80%, and a thickness of 179 µm. Temperature 

of the feed tank was maintained at 60 ± 0.5 °C using a double-walled bottle and a heat 

sink. The permeate temperature was maintained at 20 ± 0.5 °C using a chiller. Selective 

adsorption experiments were carried out with varying,  Both feed and permeate streams 

were circulated at a flow rate of 1.0 L/min, regulated by a gear pump. Temporal increment 
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of mass of the permeate tank was continuously measured using an analytical balance 

connected to a data logging software (AdamDU). Samples were collected at the beginning 

and at the end of experiments (Feed tank and permeate tank). All samples were first 

filtered using 0.45 µm syringe filters and dissolved metals were analysed using  ICP-MS 

(Agilent 7900, USA). 

First, DCMD experiments were carried out to determine solute rejection and 

concentration of Eu in the feed tank. Next, experiments were carried out with pre 

determined amounts granulated SBA15-NH-PMIDA suspended in the feed tank as 

depicted in Figure 8.1. A steel mesh was fixed to the end of the feed water circulation 

pipe in the feed tank to prevent granules entering the membrane module. 

Following equation were used to calculate he volume concentrating factor (VCF) of the 

concentrated feed. 

𝑉𝐶𝐹 =  
𝑉𝑖

𝑉𝑐
         (8-1) 

Where, 

𝑉𝑐: Final concentrated AMD volume (L) 𝑉𝑖: Initial AMD feed volume (L) 

 

Membrane permeate flux (equation 10) was calculated by continuously measuring 

permeate volume collected at 2 min intervals. 

𝐽 =  
𝑉

𝐴 𝑥 Δt
         (8-2) 

A: Effective filter area of membrane (m2) J: Permeate Flux (l/m2h) 
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Δt: Time interval (h)  

 

The following equation was used to calculate solute rejection of the membrane for each 

dissolved metal. 

𝑅(%) =  
𝐶𝑖− 𝐶𝑝

𝐶𝑖
         (8-3) 

𝐶𝑖: Initial solute concentration (mg/l) 𝐶𝑝: Permeate solute concentration (mg/l) 

R: Solute Rejection (%)  

 

 

Figure 8.1: Schematic diagram of integrated DCMD/Adsorption system 
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8.3 Results and Discussion 

8.3.1 Membrane Distillation for Eu concentration 

DCMD experiments were carried out with pH adjusted synthetic AMD, with similar 

chemical composition as real mining wastewater listed in Table 7.4. This was due to the 

difficulty in transporting large volumes real AMD and to maintain a uniform chemical 

composition for all DCMD experiments. These experiments were carried out to evaluate 

AMD remediation for recovery of clean water and potentially increase Eu concentration 

for higher EU recovery. 

Two sets experiments were carried out to assess the system. First, DCMD was operated 

without adsorbents in feed tank to analyse the solute rejection. The second set of 

experiments were conducted with pre determined amounts of granulated adsorbents 

suspended in the feed tank to analyse selective Eu adsorption and optimum dosage. The 

results showed that DCMD managed to recover 80% of clean water in 11.8 hours, with 

an initial constant permeate flux around 7.0 ± 0.5 L/m2h (Figure 8.2). However, a steady 

flux decline was recorded from VCF 2 until 4.3 followed by a rapid flux decline. The 

results suggests that pH adjustment of AMD was found to reduce metal solubility limit 

(Ryu et al., 2020; Warsinger et al., 2015). Divalent metal cations such as Fe2+, Ca2+, Mg2+, 

Mn2+ exhibit lower solubility limit at higher pH (Huang et al., 2017; Zoungrana et al., 

2016). Ryu et al. (Ryu et al., 2020) reported significant reduction in permeate flux when 

treating pH adjusted AMD. This can be the reason for low flux rate and rapid flux decline 

observed in this experiment. 
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Over 99% of solute rejection was found when analysing the permeate water quality. 

Concentrations of metals in feed tank are reported in table 8.1. Concentration of Eu 

increased from 1.06 mg/l to 3.9 mg/l in this experiment. Therefore, membrane distillation 

can be successfully used to concentrate and recover Eu from acid mine drainage.  

 

Figure 8.2: DCMD permeate flux for pH adjusted (pH 4.8) synthetic AMD solution. 

Flux (LMH) vs VCF vs Time (min) 

.  

Table 8.1: Concentrations of metals (mg/l) in pH adjusted initial synthetic solution and 

concentrated feed (DCMD experiment without adsorbents in feed tank) 

Element Na Mg Ca Mn Cu  Zn Eu 

pH adjusted Initial AMD 746.0 136.5 202.0 3.9 5.9 8.2 1.1 

Concentrated feed 2218.0 490.0 455.0 15.9 18.7 22.6 3.9 
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8.3.2 Selective adsorption of Eu onto granulated SBA15-NH-PMIDA  

The practical application of selectively recovering Eu using granulated SBA15-PMIDA 

from the concentrated feed was then evaluated. Four DCMD experiments with varying 

granulated SBA15-NH-PMIDA amounts in the feed tank were carried out to determine 

the optimum adsorbent dosage for maximum Eu recovery with minimum impurities. In 

all four experiments, samples were taken at the end of DCMD experiment for analysis, 

after allowing the feed tank to cool down to room temperature. 

 

 

Figure 8.3: Selective Eu recovery from DCMD concentrated feed tank  

 

According to the Figure 8.3, 0.96 g/l of granulated SBA15-NH-PMIDA dose yielded 

close to 90% Eu recovery with minimum uptake of competing metals. Thus, making it 
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the optimum dosage. This value is similar to the optimum dosage found for powdered 

SBA15-NH-PMIDA reported in section 3.4.2. At 1.92 g/l dosage, Eu recovery was found 

to be over 90%, while the uptake of Mg, Cu and Ca was above 15%. This phenomenon 

is a result of excessive free adsorption sites as result of higher dosage.  Concentrating Eu 

before adsorption is a crucial preparatory step that enhances the efficiency, selectivity, 

and cost-effectiveness of the recovery process. It increases the concentration in the feed 

solution, making it easier for the adsorbent to interact with and capture higher number of 

Eu ions. This leads to improved adsorption efficiency and higher Eu recovery rates. 

Combining membrane distillation with granulated SBA15-NH-PMIDA in the feed tank 

can be an effective and sustainable approach for recovering europium from solutions 

containing this valuable metal. Proper optimization of the process parameters, including 

temperature, flow rates, and adsorbent dosage, is crucial for achieving efficient and 

selective europium recovery. 

  

8.4 Cyclic adsorption/desorption tests for granulated SBA15-NH-PMIDA 

Further tests were carried out to increase the purity of Eu in the dissolved solution. 

Adsorbents separated from the DCMD feed tank was first desorbed using 0.01M HCL 

solution (50 ml) and analysed for dissolved metals using ICP-MS. pH of  desorbed 

solution was then adjusted again to 4.7 – 4.9 using NaOH and similar adsorbent dosage 

(0.96 g/l) of granulated SBA15-NH2 was added and stirred at room temperature. These 

steps were repeated four times to increase purity of Eu in the desorbed solution.  
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Table 8.2: Concentration of Eu from using sequential adsorption/desorption 

 

Number of  

Adsorption/desorption 

cycles 

Concentration 
of Eu (mg/l) Purity of 

Eu 
% 

1st Cycle 3.59 8.23 

2nd Cycle 2.29 64.66 

3rd Cycle 1.43 97.33 

4th Cycle 0.92 99.9 

 

According to data from table 8.2, purity of Eu can be significantly improved using 4 

sequential adsorption/desorption steps. Purity increased to 99.9% after the 4th cycle. 

However, this process results in a loss of nearly 75% of Eu ions. During the adsorption 

process, Eu ions form soluble complexes with ligands present on the adsorbent surface 

(Sheng et al., 2012). However, during desorption, these complexes may break down or 

rearrange, leading to the formation of less soluble europium compounds. Furthermore, 

concentration of Eu in the solution may become too high after multiple adsorption-

desorption cycles, reaching a point of oversaturation. When the solution is supersaturated 

with europium, the excess ions can precipitate out of the solution as solid phases 

(Lakshtanov & Stipp, 2004). Therefore, further studies should be carried out on 

optimising desorption conditions, such as pH and temperature, to avoid conditions that 

promote Eu precipitation. 
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8.5 Cost benefit analysis

Conducting a cost-benefit analysis for a novel adsorbent such as SBA15-NH-PMIDA is 

essential to evaluate economic feasibility and potential benefits of its application in the 

industry. This analysis was performed by calculating the costs and potential revenue of 

treating 1000 m3/day of AMD with chemical composition listed in table 7.4. 

Figure 8.4: Estimated recovery of clean water and Eu from 1000 m3/day of AMD

As depicted in figure 8.4, NaOH is first used for pH correction. Then, the resultant 

supernatant water will be passed through membrane distillation/adsorption system. 

Assuming 1.3 kg of granulated SBA15-NH-PMIDA is available, and based on its 

maximum adsorption capacity, 57.5 mg/g, Eu available in 1000 m3 of AMD can be 
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recovered. Based on 80% water recovery rate, 800 m3 of clean water can be recovered 

from this process. Based on the calculation provided in table 8.2, approximately 193.2 g 

of EuCl3 (99% purity) can be recovered through this process. Table 8.3 summarises 

predicted revenue and expenses sheet for this system. 

 

 Table 8.3: Predicted cost/revenue to treat 1000 m3 of AMD  

 

 

According to the above calculation, DCMD/adsorption hybrid system can yield a positive 

monetary return excluding associated labour costs, DCMD operation and maintenance 

costs. However, this is a significant finding since no studies have been conducted to 

evaluate the financial benefits of selectively recovering valuable metals. Expenses can be 

further reduced when purchasing chemicals in bulk. This system can be further extended 

to recover other valuable metals such as Cu, Mg to further increase revenue.  

Additional set of column experiments were conducted to develop a mathematical model 

to predict breakthrough curve for single solute Eu adsorption using granulated SBA15-

NH-PMIDA. These experiments yield valuable insights that aid in optimizing column 

 

Item Revenue (A$) Expenses (A$) 
Adsorbent Preparation (1.3 kg)  2683.87 
pH adjustment (NaOH)-(Industrial Supplier)  325.50 
Desorption (HCl)- (Industrial Supplier)  312.55 
Sale of EuCl3 (193.2 g) 11,881.90  
Sale of permeate water (800 m3) 2000.00  

Total 13,881.90 3,321.92 
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filter processes, validating models, and guiding practical applications of adsorption 

technology. Findings are presented in the appendix. 

8.6 Summary 

A Direct contact membrane distillation (DCMD)/adsorption hybrid system was then 

developed by suspending granulated SBA15-NH-PMIDA in the feed tank to treat pH 

adjusted synthetic AMD. 

• DCMD system managed to recover 80% of clean water and concentrated Eu ions 

by over three folds. 

• Granulated SBA15-NH-PMIDA selectively recovered of over 90% of Eu, while 

the uptake of other competing metals remained below 10% at optimum dosage of 

0.96 g/l.  

• Cost benefit analysis showed that 1.3 kg of granulated SBA15-NH-PMIDA is 

sufficient to treat 1000 m3 of AMD. This will produce 800 m3 of permeate water 

and 193.2 g of EuCl3 with 99.9% purity. 

• This confirms that the novel SBA15-NH-PMIDA is a highly efficient and low cost 

adsorbent for REE recovery from mining wastewaters. 

• Application of granulated SBA15-NH-PMIDA in an upward flow column setup 

for Eu recovery was analysed and data are presented in the appendix. 

This shows that by embracing resource recovery practices and technologies, we can move 

towards a more sustainable and circular approach to resource management. This not only 

attract financial benefits, but also addresses environmental challenges, supports the 

transition to renewable energy, and fosters a more sustainable and equitable society. It is 
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an essential component of achieving global sustainability goals and building a more 

resilient and regenerative future. 
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CHAPTER 9 

 

 

 

 

CONCLUSION AND RECOMMENDATIONS 
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9 Conclusion and recommendations 

9.1 Conclusion 

Rare Earth elements (REEs) have become a strategic resource extensively used in 

renewable energy technologies and modern electronic devices. Depletion of natural REE 

bearing mineral deposits has made selective recovery of REE from alternative sources 

crucial in meeting the rising global demand. The primary objective of this study was to 

evaluate the efficacy of Cr-MIL-PMIDA and novel SBA15-NH-PMIDA adsorbents for 

Eu adsorption and explore the potential of combining membrane seperation with 

adsorption for acid mine drainage (AMD) remediation. While detailed conclusions have 

been presented at the end of each individual chapter, the following is an overall 

conclusion that encompasses the overarching findings and key takeaways from the entire 

study. 

Cr-MIL-PMIDA metal organic framework (MOF) was synthesised in this study, which 

was subsequently characterized and studied for selective recovery of europium (Eu) from 

zinc ore obtained from a mining site in Western Australia. The physical and chemical 

characterization analysis of the synthesised Cr-MIL-PMIDA material outlined the 

presence of chromium (Cr), Nitrogen (N) and Phosphorous (P) as main elements of the 

material. The Cr-MIL MOF possessed high surface area (over 1000 m2.g-1) and the FT-

IR (Fourier-Transform Infrared) spectra indicated the chemical bonds of hydrogen, 

carbonyl, carboxyl and amine present on adsorbent surface, established the tethering of 

PMIDA (N-(phosphonomethyl) iminodiacetic acid) group to the adsorbent. Eu recovery 

by Cr-MIL-PMIDA was highly influenced by pH. Maximum Eu recovery was achieved 
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at pHeq of 5.5±0.5 which was mainly due to deprotonation of the functional groups that 

resulted in high negatively charged Cr-MIL-PMIDA surface (zeta value of -25 mV) at 

this pH range. At the optimum pHeq of 5.5±0.5, adsorption of Eu by Cr-MIL-PMIDA 

fitted well with Langmuir isotherm and yielded an adsorption capacity of 69.14 mg/g. A 

rapid Eu recovery was attained (within 2 h) and the kinetic data fitted well with pseudo-

second order model. Cr-MIL-PMIDA exhibited highly selective recovery of Eu from 

leached mine containing substantial amount of transition metals as well as alkaline 

divalent cations. The high selectivity is attributed to the presence of carboxylate and 

phosphonic groups, coupled with electrostatic bonding with residual ammine groups that 

enables to maintain high selective affinity towards hard acidic groups of REE over other 

transition metals. 

Given the impractical nature of using powdered adsorbents in the industry, Cr-MIL-

PMIDA was then granulated for the first time using alginic acid and CaCl2 for a study on 

continuous adsorption of Eu in a fixed bed column.  Physical and chemical characteristics 

of both powdered and granulated Cr-MIL-PMIDA were first conducted. A reduction in 

surface area and pore volume were reported for granulated media, but FTIR and XRD 

analysis highlighted the presence of the same functional groups, which confirmed 

successful granulation process. Equilibrium and kinetic experiments were carried out on 

the uptake of Eu onto granulated media and the results confirm that the adsorption 

equilibrium and kinetics data fitted well with Langmuir, Freundlich and surface diffusion 

(SDM) models. Adsorption capacity of granulated Cr-MIL-PMIDA reduced by 44% 

compared to performance of powdered media primarily due to pore blocking and 

reduction of active surface area. However, the study on regeneration indicated that 
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granular Cr-MIL-PMIDA was able to retain over 95% of its initial adsorption capacity 

over five adsorption/desorption cycles. Therefore, the granulated material has the 

potential to be reused in multiple column experiments to compensate for the slight 

reduction in adsorption capacity. Selectivity studies conducted with both powdered and 

granulated media shows only a slight reduction of Eu uptake. 92% selective adsorption 

of Eu by powdered Cr-MIL-PMIDA from a multi component solution dropped to 83% 

after granulation, which can be attributed to reduction of pore volume during synthesis. 

High affinity of phosphonic and carboxyl groups towards Eu was found to be the main 

reason for high selectivity over competing ions.  Results from a kinetic experiment using 

a single-component Eu solution demonstrated that Fixed Bed Column (FBC) 

breakthrough curves can be accurately simulated using parameters (Ds and kf) from the 

surface diffusion model. Axial dispersion coefficient was calculated using one column 

experiment and it was successfully applied to simulate breakthrough curves for other 

experimental conditions. When varying inlet concentrations, flow rates and bed lengths, 

the Linear Driven Force Approximation (LDFA) model showed a good fit (R2>0.92). The 

successful application of the LDFA model proves that it is an effective tool to both 

simulate and optimise FBC experiments utilizing granulated Cr-MIL-PMIDA for Eu 

recovery. 

Since REE exist at trace concentrations in AMD, a study to evaluate the efficiency of 

water recovery using low pressure Nano filtration (NF) from synthetic AMD and recovery 

of valuable metals from concentrated feed using novel adsorbents was conducted. The 

presence of organic pollutants decreased the flux of NF. Powdered eggshell was 

successfully employed as a low-cost adsorbent to remove organic matter (OM) prior to 



207 

 

NF filtration resulting in a 52% flux increase (10.2 L/m2h to 15.5 L/m2h). 80% of water 

was recovered from synthetic AMD with over 95% solute rejection. Concentrated feed 

water was then used for selective recovery of valuable metals such as REE and copper 

(Cu). Cr-MIL-PMIDA and amine-grafted SBA15 were successfully prepared in the lab 

and detailed characterization of the material was performed to determine their chemical 

and physical properties. The pH of concentrated feed was then adjusted to 5, where it was 

found that most of the Aluminium (Al) and ferric (Fe) precipitate while a majority of 

valuable metals remained dissolved. 

Cr-MIL-PMIDA was found to recover over 90% of REE over highly concentrated 

competing ions present in pH adjusted solution. The optimum dosage was 3.2 g/L at 

which the uptake of competing ions remained below 10%. High selectivity towards Eu is 

attributed to affinity with carboxylate and phosphonic groups, coupled with electrostatic 

bonding with residual amine groups. Amine-grafted SBA15 was then used as an 

adsorbent to selectively recover Cu from residual solution. At 3.2 g/L dosage of SBA15-

NH2, over 90% of Cu was recovered while the uptake of other competing metals remained 

below 10%. Formation of coordination complexes between Cu and amine ligands was 

found to be the driving force behind the high selectivity. Cyclic adsorption and desorption 

study showed that both Cr-MIL-PMIDA and SBA15-NH2 retained over 95% of the initial 

adsorption capacity for recovering REE and Cu, respectively, even after 5 cycles.  

While chromium-based MOFs show promise for selective REE adsorption, their 

suitability for industrial applications is constrained by factors such as toxicity, stability, 

scalability, and cost-effectiveness. The next study aimed to assess the effectiveness of 

novel SBA15-NH-PMIDA for Eu adsorption. SBA15-NH-PMIDA was synthesized for 
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the first time following a two-step sequential functionalization method. A comprehensive 

chemical and physical characterisation of the material was carried out to confirm 

successful synthesis and to establish adsorption mechanism. Single solute synthetic Eu 

solutions were used for initial screening tests, where optimal pH for Eu adsorption was 

found to be 4.8. Adsorption equilibrium was reached within 2 hours with a maximum 

capacity of 86.21 mg/g. Selective adsorption experiments were then carried out with real 

acid mine drainage obtained from an abandoned mining site in northern Norway. At 

optimum adsorbent dosage of 0.8 g/l, over 80% of Eu in AMD was selectively recovered, 

whilst the uptake of other metals remained below 10%. Adjusting the pH of AMD was 

found necessary not only to avoid undesired protonation of functional groups, but to 

promote precipitation of interfering metal ions (Fe and Al) and enhance the overall 

selectivity for Eu. Detailed FTIR analysis of spent adsorbent confirmed that high 

selectivity of SBA15-NH-PMIDA was due to the formation of stable coordination 

complexes between Eu ions and phosphonate, carboxyl groups. Furthermore, the 

adsorbent maintained over 90% of initial adsorption capacity over 10 cycles, making 

SBA15-NH-PMIDA an efficient and low cost adsorbent for Eu recovery. However, 

granulation of this highly efficient adsorbent was necessary to improve flow properties, 

ease of handling and transport in industrial processes.  

Finally, a direct contact membrane distillation (DCMD)-adsorption system was 

developed by suspending granulated SBA15-NH-PMIDA in the feed tank for 

simultaneous water and REE recovery. The study showed that at optimum dosage of 0.96 

g/l, the adsorbent recovered 90% of Eu in the feed tank while uptake of competing ions 

remained below 10%. Furthermore, the purity of recovered Eu can be increased upto 99% 
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using a 4 step sequential adsorption-desorption process. A cost-benefit analysis was then 

conducted to quantify the advantages of using this novel material. The study revealed 

that, 193.2 g of EuCl3 with 99% purity can be recovered by treating 1000 m3 of AMD. 

Additionally, clean water recovered from the membrane system can be re used in mining 

activities to reduce water stress in arid regions.  

Recovery of Eu, a valuable rare earth element, from AMD offers significant economic 

incentives for both AMD treatment and environmental remediation endeavours. By 

extracting and recycling europium from AMD, companies can effectively transform a 

waste stream into a valuable resource, thereby generating additional revenue and 

fostering sustainable resource management practices. Following are specific conclusions 

of this study. 

 

9.2 Recommendations 

The successful adoption and widespread implementation of novel AMD treatment and 

resource recovery methods will depend on their ability to demonstrate improved 

performance, economic viability, and environmental sustainability compared to 

traditional approaches. Continuous research, development, and pilot-scale testing are 

essential to validating the effectiveness and competitiveness of these innovative solutions. 

Following are recommendations for future studies based on experiences from this 

research. 
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• SBA15-NH-PMIDA has highly tuneable pores, which can be adjusted in terms of 

pore size, pore volume, and surface functionalization. Further analysis on this 

allows researchers to tailor this adsorbent to have specific characteristics that 

favour REE uptake, while excluding competing tri valant cations (Fe, Al ) based 

on their size and chemical properties 

• Functional ligands play a critical role in selectivity and the search for new ligands 

for the selective extraction of rare earth elements (REEs) is a promising area of 

study. This requires designing of ligands with specific properties, such as high 

affinity towards REEs, stability in various conditions, and compatibility with 

different extraction methods. 

 

• Investigation into the synthesis and characterization of SBA15-NH-PMIDA 

integrated membranes for Acid Mine Drainage (AMD) treatment is a promising 

area of research. Understanding the structural properties, surface chemistry, and 

morphology of the membranes can provide insights into their adsorption 

capabilities and potential applications. 

 

• Conducting pilot and field-scale studies to validate the laboratory results and 

assess the practicality and scalability of the developed adsorption processes is 

necessary. This will help bridge the gap between lab-scale research and real-world 

applications. 
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APPENDIX 

Column experiment for Eu adsorption using granulated SBA15-NH-PMIDA 

Application of granulated SBA15-NH-PMIDA in a column adsorption study was 

performed to develop a LDFA model for prediction of breakthrough curves at different 

operational conditions. The accuracy of the model was validated with experiments at 

different operational conditions. Since a similar study using granulated Cr-MIL-PMIDA 

is presented in chapter 5 of the thesis, findings of this study are given in the appendix. 

Column experiments were conducted using upward flow, to study adsorption behaviors 

under various operating conditions. These experiments enable the analysis of design 

parameters such as flow rates, column heights, and influent concentrations on the 

adsorption breakthrough trends. Initial screening column experiment was carried out with 

inflow Eu concentration of 1 mg/l, flowrate of 1.39E-08 m3/s and bed height of 0.1 m. 

Experiment was conducted for 20 hours, where samples were collected from the outlet at 

regular intervals and were then analysed for Eu concentration using ICP MS. Table A1 

gives a summary of data collected. The Linear Driving Force Approximation (LDFA) 

model was adopted to describe the behaviour of Eu breakthrough curves. The model was 

developed using equations 5-11 to 5-15 and the equations were solved using the PDEPE 

function on Matlab.  Table A2 presents the coefficients obtained from the analysis. 
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Table A.1: Raw data obtained from the preliminary column experiment for adsorption 
of Eu 

(Inflow Eu Concentration 1 mg/l, flowrate 1.39E-08 m3/s, bed height 0.1 m) 
 

Time, 
hr Ct Ct/C0 

0.5 0.0014 0.0014 
1 0.0062 0.0059 
2 0.0094 0.0059 
4 0.0298 0.0286 
6 0.0667 0.0640 
8 0.0545 0.0523 
10 0.0980 0.0942 
12 0.1267 0.1216 
14 0.2200 0.2113 
16 0.5887 0.5653 
18 0.8842 0.8491 
20 0.9842 0.9451 

*Where Ct : concentration of Eu at outlet at time t, C0 : Inflow Eu Concentration 

 

Table A.2: Parameters obtained from LDFA analysis 

Parameters Unit value 
Bed height m 0.10 
Bed diameter m 0.01 
Bed surface area m2 7.85E-05 
Flow rate m3/s 1.39E-08 
Linear velocity m/s 1.77E-04 
kf  m/s 5.50E-05 
Ds  m2/s 4.00E-17 
DL (axial dispersion coefficient) m2/s 3.00E-06 
C0 mg/l 1.04 
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Modelling of single component breakthrough curve 

Coefficients obtained from the preliminary column experiment were utilized to simulate 

breakthrough curves under different experimental conditions. In this study, multiple 

breakthrough curves were simulated for various system conditions, including initial feed 

concentration, flow rate, and the length of the fixed-bed column. These simulated curves 

were then compared with experimental results to evaluate the accuracy of the model. 

Figure A.1 presents the validation simulation curve obtained for initial experimental 

conditions given in table A.2. 

 
 

 
Figure A.1: Validation of single solute Eu breakthrough curve for granulated SBA15-

NH-PMIDA 

(Bed Length: 0.1m, Linear velocity 0.637 m/h, R2=0.95) 

 

As shown in figure A.1, experimental results provided a good fit for LDFA model. The 
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values for constants obtained from this model (Table A.2) were used to simulate various 

operating conditions 

Analysis of the effect of initial concentration 

Figure A.2 presents the experimental results and breakthrough curve obtained for initial 

Eu concentration of 3 mg/l. This value was selected based on the availability of Eu in 

AMD as presented in chapter 7. Remaining parameters were kept constant to assess the 

influence of concentration on the breakthrough curve (linear flow velocity 0.637 m/h, bed 

height of 0.1 m). R2 value of 0.92 between the simulated and experimental data confirmed 

the accuracy of the model. As the initial concentration of Eu was increased, breakthrough 

curves developed a sharper profile and shifted to the left. This resulted in breakthrough 

times decreasing from 12 to less than 7 hours. Exhaustion time was also impacted, as it 

dropped to less than 10 hours upon doubling the influent Eu concentration. 

Figure A.2: Validation of simulation model for inlet concentration of 3 mg/l 

(Bed Height: 0.1m, Linear velocity 0.637 m/h, R2=0.92) 
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Analysis on the effect of flowrate 

An experiment with higher flowrate (0.955 m/h) was conducted to analyse the effect of 

flowrate on the breakthrough curve. The R2 value of 0.91 shows that the experiment's 

data fits well with the simulation model (Figure A.3). Simulation of breakthrough curves 

at higher flowrates shows that the breakthrough times were shortened and the curves 

became steeper, indicating rapid saturation post-breakthrough. This is likely due to the 

shorter contact time between the adsorbate and adsorbent not being sufficient to reach 

equilibrium for granulated SBA15-NH-PMIDA. 

 

 

Figure A.3: Validation of simulation model for flow rate of 0.955 m/h 

(Inlet concentration 3 mg/l, bed height 0.1 m, R2=0.94) 
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Analysis on the effect of bed height 

The depth of granulated adsorbent bed is a critical factor as found in chapter 7. To prove 

the model's accuracy, an experiment was conducted, with an inflow of 3 mg/l Eu, flow 

rate of 0.637 m/h and a bed depth of 12.5 cm (Figure A.4). The experimental results were 

consistent with the simulation model (R2=0.91). Comparison of results shows that the 

curves shifted to the right and had higher breakthrough depths as the bed was increased 

from 10 cm to 12.5 cm, indicating that a larger assembled adsorbent yielded more binding 

sites for the Eu ions. 

 

Figure A.4: Validation of simulation model for bed height of 0.125 m 

(Inlet Concentration 3 mg/l, Linear velocity 0.637 m/h, R2=0.91) 

 
 
This study proves that a LDFA model can be successfully developed for Eu adsorption 
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on granulated SBA15-NH-PMIDA using one column experiment to find the axial 

dispersion coefficient and simulate breakthrough curves for varying operating conditions 

with the same value of the coefficient with high accuracy. 

 

Conclusion 

In this study, SBA15-NH-PMIDA was granulated using alginic acid and 

CaCl2 for continuous adsorption of Eu in a fixed bed column. Physical and chemical 

characteristics of both powdered and granulated SBA15-NH-PMIDA were conducted and 

are presented in chapter 7. Results from a kinetic experiment using a single-component 

Eu solution was used to develop a fixed bed column breakthrough model. Axial 

dispersion coefficient was calculated using one column experiment and it was 

successfully applied to simulate breakthrough curves for other experimental conditions. 

Linear Driven Force Approximation (LDFA) model showed a good fit (R2>0.91) for 

varying operational conditions. The successful application of the LDFA model proves 

that it is an effective tool to both simulate and optimise column experiments utilizing 

granulated SBA15-NH-PMIDA for Eu recovery 
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