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ABSTRACT 

Hydrodesulphurisation (HDS) catalysts are used in petroleum refining 

industries and when they can no longer be regenerated they become solid wastes. 

They are considered hazardous residues that cannot be disposed of and, due to 

their content of valuable metals, recycling emerges as an advantageous option. 

The aim of this thesis was to develop environmental-friendly approaches to 

recover metals present on spent HDS catalysts, with high purity and yield, based 

on hydrometallurgical methods to reduce the impact of the process. 

The first catalyst used for the experimental work contained molybdenum (Mo), 

aluminium (Al) and nickel (Ni) and was initially roasted and characterised. In an 

attempt to perform a selective extraction of metals, to simplify subsequent 

recovery, the studied process consisted of two consecutive leaching stages: the 

first to solubilise Mo and the second to extract Ni. 

The first leaching step was studied in alkaline medium. Ultrasound- and 

microwave-assisted methods, considered environmental-friendly techniques, were 

compared to conventional heating. In general, Mo leaching increased with 

temperature and sodium hydroxide (NaOH) concentration; however, the same 

happened with Al, which decreased selectivity, while Ni was not solubilised. The 

use of ultrasound reduced processing times but did not contribute to the efficiency 

of Mo leaching. The application of microwaves to the samples increased Mo 

extraction, especially when using mild NaOH concentration, and a more selective 

extraction was obtained, due to less Al removal. The recovery of metals was then 

studied from this solution through precipitation. Before the recovery of Mo, Al 

was precipitated, by slightly lowering the pH. Then, the possibility of 

precipitating Mo by addition of zinc, strontium or lead salts was evaluated. 

Precipitation as strontium molybdate (SrMoO4) and lead molybdate (PbMoO4) 

was more efficient and resulted in pure crystalline compounds. 

The catalyst obtained after the first leaching stage was then submitted to a 

second leaching step to recover Ni. Aqueous sulphuric acid (H2SO4) and 

ethylenediaminetetracetic acid (EDTA) in alkaline medium were compared as 

leaching solutions, both with conventional and microwave processes. The acid 

solution was efficient in extracting Ni using both heating methods; however, Al 

dissolution was very high. When applying EDTA, the conventional method did 
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not show promising results, but the use of microwave increased the efficiency in 

Ni leaching. Even though the values were not as high as with H2SO4, the 

extraction was significantly more selective, due to lower Al and Mo co-extraction. 

Another organic acid, nitrilotriacetic acid (NTA), was also applied, but results 

were not as good as EDTA due to lower stability of the complexes. 

Assuming a second leaching stage with EDTA and microwave irradiation, a 

recovery process of Ni was considered.  First, the precipitation of EDTA and 

separation of Al and Mo still present in solution was optimised, based on pH 

variation; then, recovery of Ni as hydroxide or phosphate was proposed. 

Precipitation as phosphate implied the addition of iron (III) ions, to replace Ni in 

the EDTA complexes, leaving Ni free to precipitate as phosphate after the 

addition of phosphate ions. 

Afterwards, the recovery of metals from solution was considered for the case 

where the second leaching stage was performed with H2SO4. For that, resin 

SuperLig® 167, based on Molecular Recognition Technology, was studied in 

terms of equilibrium, kinetics and behaviour in continuous mode. The resin 

proved to be efficient in separating Ni from Al, as a result of its selective capacity 

for the first; however, Mo present in solution was also retained. A two-step 

elution allowed recovering Mo first, with an alkaline solution, and then Ni with an 

acid one. The three metals were separated into different solutions with high purity 

and yield. 

At the end, two processes that recovered high purity metal compounds from an 

industrial residue, with low effluent generation, were proposed. The global 

process was applied to a catalyst containing Mo, Al, Ni and cobalt (Co), with 

good metals recovery, even though SuperLig® 167 could not separate Co from 

Ni. 

The application of a microwave-assisted method for metal leaching from spent 

HDS catalysts resulted in higher dissolution of target metals using more mild 

conditions, which allowed higher selectivity, as well as lower processing times. 
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RESUMO 

Os catalisadores de hidrodessulfuração (HDS) são usados em indústrias de 

refinação de petróleo e, quando não podem mais ser regenerados, tornam-se 

resíduos sólidos. São considerados resíduos perigosos, não podendo ser 

depositados e, devido à presença de metais de valor, a reciclagem surge como uma 

opção vantajosa.  

O objetivo desta tese foi o desenvolvimento de processos ambientalmente 

amigáveis para recuperar os metais presentes em catalisadores de HDS, com 

elevada pureza e rendimento, baseados em métodos hidrometalúrgicos para 

reduzir o impacto do processo. 

O primeiro catalisador usado no trabalho experimental continha molibdénio 

(Mo), alumínio (Al) e níquel (Ni) e foi inicialmente calcinado e caraterizado. 

Numa tentativa de realizar extração seletiva dos metais, para simplificar a 

recuperação subsequente, o processo estudado consistiu em duas etapas de 

lixiviação consecutivas: a primeira para solubilizar o Mo e a segunda para extrair 

o Ni. 

A primeira etapa de lixiviação foi estudada em meio alcalino. Métodos 

assistidos por ultra-sons e micro-ondas, considerados técnicas amigas do 

ambiente, foram comparados com aquecimento convencional. Em geral, a 

lixiviação de Mo aumentou com a temperatura e com a concentração de hidróxido 

de sódio (NaOH); no entanto, o mesmo se verificou com o Al, o que diminuiu a 

seletividade, enquanto o Ni não foi solubilizado. O uso de ultra-sons reduziu a 

duração do processo, mas não contribuiu para a eficiência da lixiviação de Mo. A 

aplicação de micro-ondas nas amostras aumentou a extração de Mo, 

especialmente quando foram usadas concentrações de NaOH mais moderadas, e 

uma extração mais seletiva foi obtida, devido à menor remoção de Al. A 

recuperação dos metais foi então estudada através da precipitação. Antes da 

recuperação de Mo, o Al foi precipitado, baixando ligeiramente o pH. De seguida, 

a possibilidade de precipitar Mo pela adição de sais de zinco, estrôncio e chumbo 

foi avaliada. A precipitação como molibdato de estrôncio (SrMoO4) e de chumbo 

(PbMoO4) foi mais eficiente e resultou em compostos cristalinos puros. 

O catalisador obtido após a primeira etapa de lixiviação foi submetido à 

segunda fase de lixiviação para recuperar o Ni. Ácido sulfúrico (H2SO4) em 
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solução aquosa e ácido etilenodiaminotetracético (EDTA) em meio alcalino foram 

comparados como soluções de lixiviação, usando o processo convencional ou 

micro-ondas. A solução ácida foi eficiente a extrair o Ni em ambos os casos; no 

entanto, a remoção de Al foi muito elevada. Quando se aplicou o EDTA, o 

metódo convencional não mostrou resultados promissores, mas o uso de micro-

ondas aumentou a eficiência da lixiviação do Ni. Apesar de os valores não serem 

tão elevados como com H2SO4, a extração foi significativamente mais seletiva, 

devido à menor co-extração de Al e Mo. Outro ácido orgânico, o ácido 

nitrilotriacético (NTA), foi aplicado, mas os resultados não foram tão bons como 

com o EDTA, devido à menor estabilidade dos complexos.  

Assumindo a segunda etapa de lixiviação com EDTA e micro-ondas, o 

processo de recuperação de Ni foi considerado. Primeiro a precipitação de EDTA 

e separação de Al e Mo presentes na solução foi otimizada, com base na variação 

de pH; depois, a recuperação de Ni como hidróxido ou fosfato foi proposta. A 

precipitação como fosfato implica a adição de iões ferro (III), para substituir o Ni 

nos complexos de EDTA, deixando o Ni livre para precipitar como fosfato, após a 

adição de aniões fosfato. 

Posteriormente, a recuperação de metais da solução foi considerada para o caso 

em que a segunda lixiviação foi efetuada com H2SO4. Para tal, a resina SuperLig® 

167, baseada em Tecnologia de Reconhecimento Molecular, foi estudada 

relativamente a equilíbrio, cinética e comportamento em modo contínuo. A resina 

provou ser eficiente a separar Ni de Al, resultado da sua capacidade seletiva para 

o primeiro; porém, o Mo presente na solução foi também retido. Uma eluição em 

dois passos permitiu recuperar o Mo primeiro, com uma solução alcalina, e depois 

o Ni, com uma ácida. Os três metais foram separados em soluções diferentes com 

elevada pureza e rendimento.  

No final, dois processos para recuperar compostos metálicos de elevada pureza 

de um resíduo industrial, foram propostos. O processo global foi aplicado a um 

catalisador contendo Mo, Al, Ni e cobalto (Co), com boa recuperação de metais, 

apesar de a SuperLig® 167 não separar Co de Ni.  

A aplicação de um método assistido por micro-ondas para a lixiviação de 

metais de um catalisador de HDS resultou em dissolução mais elevada dos metais 

alvo, usando  condições mais moderadas, o que permitiu uma maior seletividade, 

assim como menor duração do processo.  
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1.  Intro^u]tion 

 

 

1.1 RELEVANCE AND OBJECTIVES 

In today’s world, metals play an important part in the technological 

development and economy; thus, their demand is incredibly high. It is hard to 

think of daily life without metals because they are present everywhere. The 

sustainability of metal related industries relies on the capacity of recovering and 

recycling discarded metals from used products, since exploitation of primary 

resources is limited. Metal reserves are not infinite and while the reserves 

decrease, the more expensive and difficult the process of extraction will be, due to 

less concentrated ores or more difficult access to the resources. Besides, lack of 

raw-material can lead to market pressures that would results in unmanageable 

metal prices. 

Mineral and metallurgical industries have a great environmental impact, either 

due to large volumes of effluents, waste and sludge or because of emissions of 

carbon dioxide and toxic gases. Such environmental concerns are also important 

incentives in the recycling of metals. 

On the other hand, most of the metal residues are hazardous when disposed in 

the environment, and can cause possible leaching of toxic metals into aquatic 

resources, release of fine dust and particles, presence of organic compounds and 

so on. Appropriate recycling can ensure that such hazardous materials are 

correctly managed through a more environmental-friendly route. In most of the 

industrial wastes and by-products that contain metals, recycling has to be 

performed in several stages due to the low percentage of metals and/or the high 

number of components that have to be separated. Unlike metal products like 

aluminium cans or copper wires that are easily recycled into new products by re-
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melting, most of the waste requires more complex processes to obtain high purity 

products. 

 

Based on these motivations, the main goal of the present thesis was to design a 

process to recover metals from spent hydrodesulphurisation (HDS) catalysts. HDS 

catalysts are extensively used in the petroleum refining industry to produce clean 

fuels from petroleum distillates. Fresh catalysts typically consist of molybdenum 

oxide mixed with oxides of cobalt (Co-Mo), nickel (Ni-Mo) or vanadium (Mo-V) 

on an alumina support. During operation, they are deactivated by the deposition of 

carbon, sulphur and metals (V, Fe, Zn, As), and although intermediate 

regenerations are possible, they have a life-time that can range between 6 months 

and 6 years (Jong et al. 1989, Lai et al. 2008, Marafi and Stanislaus 2008). When 

they can no longer be used, the catalysts become solid wastes, which are classified 

as hazardous materials (Rapaport 2000). The quantity of non-reusable HDS spent 

catalysts produced per year is around 120,000 tons (dry basis) (Dufresne 2007). 

This value tends to increase because, alongside the decrease of petroleum reserves 

that lead to the use of heavier feedstocks with higher content of sulphur and 

nitrogen, there is a demand for cleaner fuels with low sulphur levels. From 2005, 

the European Union maximum concentration of sulphur in diesel fuel is 50 ppm 

but many countries, especially in northern and occidental Europe only use ultra-

low sulphur diesel containing 10 ppm (Dufresne 2007).  

Due to strict legislation, the land disposal of these residues, which was 

practiced in the past, is no longer advisable and metal reclamation rises as the 

most economically and environmentally viable option, avoiding both the disposal 

of hazardous materials and the exploitation of primary mineral resources. 

 

The present work was centred in the extraction of metals, especially nickel and 

molybdenum from spent Ni-Mo catalyst and subsequent separation steps. Every 

stage was developed envisioning an environmental-friendly process by using less 

concentrated and harmful solutions, simple methods, minimisation of energy 

consumption, minimisation of effluents and solid residues, all without 

compromising efficiency and purity of the products. 
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1.2 OUTLINE 

This thesis is organised in nine Chapters. 

Chapter 2 includes theoretical concepts and short bibliographic reviews about 

the main topics covered throughout the work, including metallurgical methods, 

main secondary resources of valuable metals, focusing on spent HDS catalysts, 

ultrasound- and microwave-assisted leaching, recovery of metals from aqueous 

leaching solutions of spent catalysts, and the importance of these metals. 

From Chapters 3 to 8, the experimental work is described and respective results 

are presented and discussed. The leaching of Mo and Ni was studied in two 

separate stages: Chapter 3 describes the studies performed to optimise selective 

leaching of Mo using an alkaline solution; then, the recovery of the metal from the 

solution was addressed in Chapter 4. Extraction of Ni from the catalyst, as the 

second leaching stage, is presented in Chapter 5. Since two different options were 

studied and compared in Ni leaching, ethylenediaminetetracetic acid (EDTA) and 

sulphuric acid (H2SO4), Chapter 6 proposes a process to recover metals from the 

first case, while Chapter 7 regards the separations of metals from the H2SO4 

solution. Chapter 8 proposes a global process and applies it to a different catalyst 

that besides Ni, Mo and Al also contains Co. 

Chapter 9 comprises the main conclusions and addresses possible work that 

can be considered in the future. 

 

REFERENCES 

Dufresne P (2007). Hydroprocessing catalysts regeneration and recycling. Applied 

Catalysis a-General, 322, 67-75. 
Jong B, Rhoads S, Stubbs A and Stoelting T (1989). Recovery of principal metal 

value from waste hydroprocessing catalysts 
Lai YC, Lee WJ, Huang KL and Wu CM (2008). Metal recovery from spent 

hydrodesulfurization catalysts using a combined acid-leaching and 
electrolysis process. Journal of Hazardous Materials, 154, 588-594. 

Marafi M and Stanislaus A (2008). Spent hydroprocessing catalyst management: 
A review Part II. Advances in metal recovery and safe disposal methods. 
Resources Conservation and Recycling, 53, 1-26. 

Rapaport D (2000). Are spent hydrocracking catalysts listed hazardous wastes? 
Hydrocarbon Processing, 79, 49-53. 
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This chapter covers several topics that are of interest for the work presented in 

this thesis. First, the basic metallurgical methods used when dealing with metal 

recycling, an introduction to the main secondary resources of valuable metals and 

how hydrometallurgy can be useful in each case. Then, the scope was narrowed to 

cover only the extraction/leaching of metals from spent HDS catalysts in more 

detail, referring to different systems and techniques as well as to what is used in 

industrial processes. Emerging leaching technologies (ultrasound and microwave) 

are presented, remarking both theoretic notions and practical applications in 

metals recovery, as well as short references about scale-up possibilities. Moving 

forward to the recovery of metals after leaching, the main methods are presented 

and finally there is a description of the economic interest of the metals present in 

the catalysts studied in today’s world. 
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2.1 METALLURGICAL PROCESSES 

2.1.1 Pyrom_t[llurgy  

The term pyrometallurgy (from Greek pyro – fire) refers to thermal treatment, 

based on the use of high temperatures in the extraction and refining of metals. 

Drying, calcination, roasting, smelting and refining are the most common 

processes associated to pyrometallurgy. The removal of water from ores or 

concentrates, in drying operations, is usually performed at temperatures between 

400 and 1000 ºC to ensure the removal of water traces. Calcination is generally 

the decomposition of solids but usually consists in the decomposition of a 

carbonate to an oxide at temperatures that can range between 200 and 1200 ºC, 

depending on the solid to be oxidised. The oxidation of sulphides is called 

roasting and can be performed in different extents to achieve different goals: 

partial removal of sulphur, oxidation to sulphates or complete removal of sulphur. 

Smelting operations basically involve melting the charge, leading to a partition of 

the constituents to produce a metal phase, reduced from the metal oxide that is 

separated from the slag. Refining consists of removing the impurities of the 

reduced metals that can include remaining oxygen, carbon and sulphur or even 

valuable metals such as gold, silver and platinum. 

Pyrometallurgical operations are usually less expensive, faster and provide 

higher metal recoveries. The release of harmful gases during smelting and the 

extremely high temperatures required (> 1000 ºC), though more efficient for high-

grade metals, are not economically compensated when treating low-grade 

products (Ghosh and Ray 1991).  

 

2.1.2 Hy^rom_t[llurgy 

Hydrometallurgy (from Greek hudro – water) states that at least some reactions 

to extract and produce metal values from solid substances occur in aqueous 

medium. Hydrometallurgy usually involves three basic processes: leaching, 

separation/purification and metals recovery. Before leaching, the product is 

typically treated or prepared either by physical operations, like crushing or 

grinding, or thermal processes. Leaching is the process by which metals are 
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converted to soluble salts in aqueous media and is affected by several factors 

including leaching agent, concentration, temperature, pressure, particle size, 

agitation and contact time. In a leaching process, temperature is typically only 

increased up to 100 ºC, but high pressure and temperature leaching can be an 

option if the product value justifies it. The difficulties in achieving selectivity in 

the dissolution of the desired components force the further separation and 

purification stages that can include precipitation, ion exchange, solvent extraction, 

adsorption or electrochemical processes. 

The application of microorganisms and biomaterials in leaching and recovery 

of metals is known as biohydrometallurgy. Bioleaching is starting to standout as 

an alternative to achieve more selective leaching of target metals from secondary 

resources (Lee and Pandey 2012). It uses the ability of microorganisms to 

mobilise metals from solid materials, based on the transformation of organic or 

inorganic acids, oxidation and reduction reactions and the excretion of 

complexing agents (Asghari et al. 2013). Biosorption can be applied in the 

separation and recovery of metals from solutions. An even more environmental-

friendly option is the use of spent biomass as bioadsorbent, a strategy to convert 

waste material that would be otherwise disposed of.  

Hydrometallurgy is not meant to be a competitor to pyrometallurgy: the 

synergy between both methods must be exploited to achieve the best practices. 

When it comes to primary extractive metallurgy, hydrometallurgical processes are 

advantageous when treating lean and complex ores because they allow better 

control on the recovery of by-products, are theoretically more environmentally 

friendly, because no gaseous pollution occur, and use lower temperatures (Ghosh 

and Ray 1991). However, some reagents are expensive, reaction rates are much 

slower and large quantities of concentrated solutions are required. Moreover, 

resultant solid residues and effluents must be correctly managed. Because 

secondary resources do not have large contents of the same metal, but mixtures of 

metals and components, hydrometallurgy has advantages over pyrometallurgy and 

has been exhaustively studied in the last decades.   
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2.2 METALS LEACHING FROM SECONDARY RESOURCES 

The majority of recycled metal products are obtained by pyrometallurgical 

processes, especially when they have high metallic content. Nevertheless, studies 

and real applications based on leaching of metals from secondary resources have 

become increasingly frequent. 

 

Sl[gs 

Slags are formed as by-products of metallurgical processes such as smelting. 

They usually contain valuable metals, which makes them an important secondary 

resource for the production of metal values. The recovery of metals from slags 

include leaching with sulphuric acid, hydrochloric acid, ferric chloride, ammonia, 

cyanide, chlorine, etc. (Basir and Rabah 1999, Herreros et al. 1998). Like 

previously mentioned, pyrometallurgical and hydrometallurgical methods do not 

have to be opposite alternatives but combined processes to achieve the best 

recoveries. The recovery of metals from copper slags using a combination of 

roasting and acid or water leaching is a common practise because the roasting 

transforms the metals compounds into a form that can be more easily leached 

and/or separated (Altundogan and Tumen 1997, Tumen and Bailey 1990). Metals 

usually recovered from slags are Cu, Co, Mn, Pb, Zn, Cr, Al and Fe (Shen and 

Forssberg 2003). 

 

@sh_s [n^ ^ust 

Metal containing ashes and dust are also residues produced by the 

metallurgical industries. Dust from electric arc furnaces contains Zn in large 

amounts, which makes it valuable to recover, some Fe, as well as lower quantities 

of toxic metals (Pb, Cd, Cr) (Dutra et al. 2006).  If Zn content is higher that 15-

20%, pyrometallurgical process might be preferable; otherwise, 

hydrometallurgical options can be exploited and optimised (Nyirenda 1991). 

Leaching of metals from the dust can be achieved with acid or alkaline solution 

and usually the processes are optimised in order to promote Zn recovery without 

leaching Fe from the solid (Dutra et al. 2006, Langova et al. 2009). 
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El_]tri] [n^ _l_]troni] _quipm_nts 

Electric and electronic residues production has increased abruptly due to the 

technological advances of the last twenty years. This type of waste is a secondary 

resource of valuable metals; in addition to Fe, Al, Cu, Pb, Sn and Ni, it contains 

precious metals like Au, Ag and Pd. Due to its more complex matrix, the 

hydrometallurgical processes consist on more leaching stages to separate the 

metals. Precious metals, especially Au, require specific leaching conditions other 

than typical alkaline or acid solutions. Cyanide, halide, thiourea, thiosulfate and 

aqua-regia are examples of leaching solutions that have been studied to recover 

Au from electronic scrap, but environmental and health issues caused by some 

must be taken into consideration (Cui and Zhang 2008, Tuncuk et al. 2012). 

Bioleaching and bioadsorption processes have also shown great interest in the 

recovery of precious metals from electronic residues (Cui and Zhang 2008, Syed 

2012). An example of a sequential extraction of metals from printed circuit boards 

can be found in Behnamfard et al. (2013). The process consists of four leaching 

stages with three different leaching solutions that allow the recovery of Cu, Ag, 

Au and Pd.  

 

B[tt_ri_s 

Like electronic equipments, batteries are used in the daily life by a large 

number of persons and the collection of used batteries has been publicised for the 

general population. Not only it is important to recover valuable metals present in 

the batteries, but it is also essential to avoid the disposal of toxic metals into the 

environment. 

 One of the challenges in batteries recycling is the existence of several different 

types of batteries: Li-ion, alkaline batteries, Zn-carbon, Ni-Cd, Pb-acid, Ni-metal 

hydride, amongst the most commons. This obliges either to separate batteries by 

types and treat each one in a specific way or to develop a more complex process 

to allow the treatment of a mixture of batteries.  

Most of the industrial methods to recycle spent batteries are pyrometallurgical 

but there are some that include hydrometallurgical stages (Sayilgan et al. 2009).  

Physical processes are always needed before leaching and the extraction of metals 

is usually achieved in acid medium followed by consecutive stages of separation 
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and recovery of metals (Sayilgan et al. 2009, Xu et al. 2008). The acid used is 

usually sulphuric acid (H2SO4) (Dorella and Mansur 2007, Ferreira et al. 2009, 

Jha et al. 2013, Nan et al. 2006, Sayilgan et al. 2009) in the absence or presence of 

an oxidant, such as hydrogen peroxide (H2O2). 

 

Sp_nt ][t[lysts 

There are numerous industries using catalysts containing metals in their 

operations that become hazardous residues in their end-of-life. 

Precious metals like Pt, Pd and Rh are present in automobile catalysts. They 

are used in several applications, so their recovery is of great economical interest 

and studies based on different hydrometallurgical routes show high recovery of 

the metals (Barakat and Mahmoud 2004, Gupta and Singh 2013, Nogueira et al. 

2014).  

The presence of Ni, Co, Mo, V and Al in hydrotreating catalysts, metals that 

are largely used in the steel industry, manufacture of alloys and production of 

catalysts, makes the recovery of these metals the most economically and 

environmentally attractive solution. For this purpose, industrial processes have 

been developed based on pyrometallurgical, hydrometallurgical or a combination 

of both processes.  The recovery of metals from hydrodesulphurisation catalysts is 

the focus of this work; so, this topic will be reviewed in detail in the section 2.3. 

 

R_si^u_s ]ont[ining r[r_-_[rths 

Rare-earth elements saw their importance grow in the transition for a greener 

economy and its demand will increase even more in the future (Binnemans et al. 

2013). However most of the countries do not have mineral reserves to exploit 

rare-earths and must depend on the recycling of these elements. The most critical 

are neodymium (Nd), europium (Eu), terbium (Tb), dysprosium (Dy) and yttrium 

(Y). Besides Ni-metal hydride batteries, their presence is significant in permanent 

magnets, used in electric vehicles, mobile phones, computers, wind turbines, etc. 

and lamp phosphors present in fluorescent lamps, plasma and liquid crystal 

display (LCD) screens and light emitting diode (LED) lamps.  Several 

hydrometallurgical routes have already been proposed to recover rare-earths from 
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secondary resources (Binnemans et al. 2013, Innocenzi et al. 2014, Tunsu et al. 

2014). 

 

2.3 RECOVERY OF METALS FROM SPENT HDS CATALYSTS  

As mentioned in Chapter 1, catalysts used in petroleum refining industry, in 

HDS operations, are hazardous wastes in their end-of-life. The quantity of these 

materials produced per year is around 120,000 tons (dry basis) (Dufresne 2007). 

Mo(VI) is the active metal of such catalysts, typically combined with Ni and/or 

Co on an alumina carrier. The composition of spent catalysts is mainly Al (15-

30%), Mo (4-12%), Ni (1-5%), Co (0-4%), V (0-12%), carbon and sulphur (Park 

et al. 2006); however, the composition depends on the characteristics of the initial 

catalyst and of the crude oil treated. Although they are initially present as oxides, 

operation conditions are favourable to the formation of sulphides. 

Because such metals are valuable and applied in several other industries, metal 

extraction from spent HDS catalysts has been extensively studied, especially since 

1990, in order to find effective and economical methods. The following sections 

present a general review of the possible methods for metals recovery from spent 

HDS catalysts. 

 

2.3.1 Sm_lting 

This is the only method that can be considered entirely pyrometallurgical as it 

does not include any stage involving aqueous or organic solutions. Direct smelting 

is usually performed at temperatures between 1200 and 1700 ºC. In this process, 

the heavier metals are reduced to form alloys that sink into the lower part of the 

furnace, separating them from Al and Si (Marafi and Stanislaus 2008, Zeng and 

Cheng 2009a). 

A previous step of calcination can be implemented to remove sulphur, carbon, 

hydrocarbons and water. The oxidizing conditions also allow the separation of Mo 

due to volatilisation and capture of molybdenum oxide (MoO3) (Zeng and Cheng 

2009a). 
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One industrial example of an entirely metallurgical process is the AMG 

Vanadium process that converts V, Ni, Mo and Co in ferrovanadium alloys (AMG 

Vanadium 2014). The Eurecat process is also described to be entirely 

pyrometallurgical, consisting on the separation of heavy metals by smelting 

(Marafi and Stanislaus 2008). However, in the company’s website (Eurecat 2014), 

hydrometallurgical routes are not discarded in the optimisation of the process for 

each type of catalyst. Likewise, smelting is an option in recovering metals from 

spent catalyst in the Moxba-Metrex process to produce ferrous and non-ferrous 

metal alloys (Moxba-Metrex 2014). 

 

2.3.2 Chlorin[tion 

The valuable elements of spent catalysts have a higher affinity towards 

chlorine than that of their support. With optimised conditions, it is possible to 

chlorinate selectively these elements without chlorinating the catalyst support. 

Chlorination processing may or not include pre-roasting to remove moisture 

and sulphur. Jong et al. (1989) roasted the catalyst and separated MoO2Cl2 using 

chlorination at 450 ºC, due to its volatility, while Ni and Al chlorides remained in 

the spent charge that was then leached with water. 

Different chlorinating gas mixtures were tested by Gaballah et al. (1994), at 

temperatures between 300 and 600 ºC,  that allowed the recovery of Co and Ni, up 

to 98%, as chlorides in the chlorination residues, and Mo, Ti, W and V 

compounds (80 - 98%) in the condensates. Similar comparison between 

chlorination methods was conducted by Ojeda et al. (1999), on the recovery of 

metals from Co-Mo catalyst. Reaction temperature, time and oxygen partial 

pressure in the chlorinating gas mixture are the factors that affect the selectivity of 

chlorination. 

Though this technique might have economic advantages when compared to 

chemical leaching, the formation of gaseous effluents that require treatment is a 

major drawback. 
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2.3.3 S[lt ro[sting plus w[t_r l_[]hing 

This methodology includes roasting followed by leaching; so, it is basically a 

combination of pyro- and hydrometallurgical processes. The principle of this 

method is to convert Mo and V sulphides into soluble salts that can be dissolved 

in water, but it has the disadvantage of making the further recovery of Co and Ni 

more difficult.  

When roasting a catalyst with sodium carbonate (Na2CO3), parameters like 

temperature, time and Na2CO3 addition can be studied to optimise the recovery of 

Mo. Kar et al. (2004) found that at 600 ºC with 30 min of retention time and 

Na2CO3 12 wt.%, it is possible to extract 92% of Mo from the spent catalyst 

(Table 2.1). An entire process, that included the further acid leaching of the solid 

residue to recover Ni and Co, was proposed by Chen et al. (2006a).  Instead, an 

alkaline leaching of the residue after the recovery of Mo and V could be an option 

to prepare Al products (Marafi and Stanislaus 2011). 

Most of the studies concerning salt roasting use Na2CO3, but fusion with 

potassium hydrogen sulphate (KHSO4), followed by water leaching was studied 

by Busnardo et al. (2007) and metals were efficiently recovered from Ni-Mo and 

Co-Mo catalyst (Table 2.1). 

 Gulf Chemical and Metallurgical Corporation (2014) uses this method to 

recover Mo and V from spent catalysts, while the remaining solid, with Co, Ni 

and Al is treated by pyrometallurgical processes (Figure 2.1). 

Similarly, Taiyo Koko Company (Marafi and Stanislaus 2008, Taiyo Koko 

Company 2014) and Full Yield Industry Company (2014) use this approach; in 

pair with smelting, this process seems to be the most used in the industry to 

recover metals from spent catalysts. 



 

    

Table 2.1. Summary of the experimental conditions and the obtained leaching recoveries in some studies carried out on spent hydrotreating catalyst 

 

Catalyst Roasting/Washing Leaching 
Extraction, % 

Reference 
Mo Ni Co Al 

Co-Mo 
Roasting with Na2CO3, 
600ºC, 30 min  

Water, pulp density 10 wt.%, 
80ºC, 2h 

92 - - - Kar et.al. (2004) 

Co-Mo, 

Ni-Mo 

Fusion with KHSO4, 
500ºC, 3h 

Water, 90-100 ºC, 40 min 
98.5-
99.5 

95 91.5 95.5-97 
Busnardo et.al. 
(2007) 

Co-Mo, 

Ni-Mo 
Roasting 500ºC, 1h 

1. NaOH 10g/L, 100 ºC, 2h, s/l 
=1:20 

96-97 0.08 0.09 12-14 
Angelidis et. al. 
(1995) 

  
2. H2SO4, 10g/L, 100 ºC, 2h, s/l 
=1:20 

0.03 90 91 54-66 

Co-Mo Roasting 500 ºC, 3h 1. Na2CO3, 30g/L, 30ºC, 1h, 
s/l=1:10 

97 - - - 

Park et. al. (2007) 

  
2.  H2SO4, 6mol/L, 30 ºC, 1h, 
s/l=1:10 

- - 87 38 

Ni-Mo 
Washing with acetone 
and  water, 

Na2CO3 40g/L + H2O2 6 vol.%, 
25 ºC, 1h, 20% pulp density 

85 65 - 3 

Park et.al. (2006) 

  
NaOH 40g/L + H2O2 6 vol.%, 
25ºC, 1h, 20% pulp density 95 15.5 - 1.8 

Oxidised 

Co-Mo 

Baking H2SO4, 300ºC, 
2h 

H2SO4 2 vol.%, 95ºC, 30-60min, 
s/l=5% 

90 - 90 93 Kim et.al. (2009) 

Co-Mo 

Ni-Mo 
Roasting, 500ºC, 5h 

H2SO4 9 mol/L, 90ºC, 80 min, 
l/s=1.15 mL/g 

99 99.5 99 99 
Valverde et.al 
(2008) 

Co-Mo Washing with acetone 
HCl, 3 mol/L, 90ºC, 60 min, 
s/l=5% (w/v) 

97 - 94 85 Banda et.al.(2013) 

Ni-Mo Washing with toluene 
H2C2O4 0.5mol/L + H2O2 3mol/L, 
50ºC, 4h,  

90 65 - 33 Mulak et.al.(2006) 
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Figure 2.1. General scheme of the treatment of spent HDS catalysts at Gulf Chemical and 
Metallurgical Corporation (2014). 

 

2.3.4 @]i^ l_[]hing 

Direct leaching of the catalyst is possible under pressure and/or at high 

temperature. Due to the presence of metals sulphides in the spent catalysts, most 

of the studies include pre-roasting to convert them to oxides and make them more 

easily solubilised at temperatures below 100 ºC. The differences between the 

insoluble matter present in the catalyst with and without roasting, and the effects 

of roasting at different temperatures have been reported (Mohapatra and Park 

2007, Valverde et al. 2008). Ideally, roasting should be performed around 500 ºC 

for optimum extraction; at too low temperatures, the quantity of insoluble matter, 

in the form of sulphides, is higher and above 700-800 ºC, the formation of 

insoluble complexes between metals occurs, which decreases metals recovery. 

Another option is the leaching in the presence of chemical oxidants. Because 

direct leaching with H2SO4 was not effective, Barik et al. (2012) studied several 
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oxidants to complement the acid leaching solution in order to maximise metals 

extraction. The presence of H2O2 proved to be more efficient that the other 

options, with Co and Mo extractions over 95%. Direct leaching with hydrochloric 

acid (HCl), after washing with acetone to remove hydrocarbons, was effective in 

dissolving Mo and Co (Table 2.1) (Banda et al. 2013). Mishra et al. (2010) first 

deoiled the catalyst with acetone, which led to poor Mo extraction during H2SO4 

leaching. When sulphur layer was removed by carbon dissulfide washing, higher 

Mo dissolution (with leaching in two stages) was achieved. 

Acid leaching is usually performed with mineral acids like nitric acid (HNO3), 

H2SO4 or HCl, due to their lower cost and high efficiency: all the valuable metals 

and also some Al are solubilised. A mixture of acids HNO3/H2SO4/HCl with a 

volume ratio of 2:1:1 was tested by Lai et al. (2008), after roasting at 300 ºC, with 

≥ 90% of Mo, Ni and V recovered. The use of H2SO4 has both economic and 

environmental advantages as HNO3 is more expensive and HCl may form toxic 

vapours in the presence of oxidants. In leaching Ni from catalyst used in palm oil 

hydrogenation process, H2SO4 proved to be more efficient than HCl because Ni 

complexes with sulphates were more stable than chloride complexes, at the 

concentrations used (Idris et al. 2010). Valverde et al. (2008) compared the 

amount of insoluble matter after leaching pre-oxidised catalyst with H2SO4 and 

HCl at 90 ºC and found that H2SO4 was more adequate, even though HCl solution 

was more concentrated (Table 2.1).  

Kim et al. (2009) experimented a different approach that consisted in testing 

H2SO4 baking in pre-oxidised spent Co-Mo catalyst before H2SO4 leaching. Better 

results in leaching Co, Mo and Al were obtained after baking at 300 ºC (Table 

2.1). Such procedure has the goal of reducing chemicals and effluents as the 

leaching can be performed with less concentrated acid solution (Park et al. 2012). 

Organic acids are also a possibility for removing metals from the catalysts: 

although they are not so strong in terms of acidity, they have the ability to form 

stronger complexes with metals, which enhances their solubilisation. It is 

suggested that the rate of leaching depends on the stability of the metal-acid 

complex, but the interactions of the metal oxides with the support also affects 

metal extraction. The use of oxalic acid after oxidation at 270 ºC resulted in a 

better leaching that in the absence of pre-oxidation; nevertheless, significant 
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recoveries were not achieved (Afonso et al. 1995). Leaching with oxalic acid in 

the presence of H2O2 as oxidant was effective in the recovery of Mo and V (Table 

2.1), while Ni extraction did not go further than 65% (Mulak et al. 2006). Several 

organic agents were tested by Marafi and Furimsky (2005) in the recovery of 

metals from spent catalysts after decoking; tartaric and citric acids led to good 

recoveries (values above 85%) of Mo, V and Ni. 

In an industrial scenario, Moxba-Metrex treatment process can include acid 

leaching to produce metal values, besides the already mentioned 

pyrometallurgical route (Moxba-Metrex 2014). 

 

2.3.5 @lk[lin_ l_[]hing 

Alkaline leaching is used to dissolve selectively Mo and V over Ni and Co, but 

some Al is also solubilised in most cases. Like in acid leaching, most of the 

studies include a previous roasting stage to oxidise the metal sulphides present in 

the spent catalyst. Direct leaching has to be performed at high pressures and 

temperatures to be efficient (Wiewiorowski et al. 1987). The alkaline stage is 

usually followed by an acid one to recover Co and Ni. 

Different physico-mechanical pre-treatments were studied before sodium 

hydroxide (NaOH) leaching and both roasting and grinding showed positive 

influence in the leachability of metals from the catalyst (Ferella et al. 2011). The 

changes in the roasting temperature significantly improve Mo recovery when 

leaching with Na2CO3 (Kim and Cho 1997, Ruiz et al. 2011). 

Villarreal et al. (1999) washed the catalyst with different solvents to recover 

sulphur accumulated in the milled catalyst, followed by roasting. Three routes 

with NaOH were studied: diluted NaOH at both atmospheric pressure and 23.8 

atm, and concentrated NaOH at atmospheric pressure.  Only the situation under 

pressure had duration of 2 h, the other situations were performed during 24 h. It 

was verified that lower NaOH concentration under normal pressure conditions led 

to higher extraction of Mo and V with lower co-extraction of Al. They also 

studied concentrated NH3 and even though Mo leaching was not effective, it could 

be used to extract V. 
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Sequential extraction of metals by a two-stage leaching process has been 

applied by several authors to reduce subsequent separation steps. Angelidis et al. 

(1995) studied NaOH and H2SO4, in two separated stages, to treat two catalysts 

(Co-Mo and Ni-Mo), where temperature and concentration were varied. The best 

results (Table 2.1) were obtained at 100 ºC, which agrees with previous 

experiments (Jong et al. 1989). Kim and Cho (1997) and Park et al. (2007) opted 

for a first alkaline stage with Na2CO3 followed by H2SO4. Both of these works 

were performed with previous roasting; however, in the absence of roasting, the 

presence of an oxidant, like H2O2, is necessary to facilitate the dissolution of 

metals just like in acid leaching. Park et al. (2006) studied alkaline leaching of Ni-

Mo catalyst using a mixture of Na2CO3 and H2O2 (Table 2.1). The increase of 

peroxide concentration was found to increase the dissolution of Ni and Al during 

the alkaline step, which was not desirable. Ammonia and ammonia salts are also 

options as alkaline solution (Mishra et al. 2010, Sun et al. 2001). 

The inverted sequence of leaching, where the acid stage is applied first, can 

also be a possibility (Mishra et al. 2010). High recovery of Ni and Al was 

achieved using H2SO4, with co-extraction of almost 30% of Mo, while the 

remaining Mo was removed afterwards with ammonia carbonate, (NH4)2CO3. The 

dissolution of Mo in the acid stage is a disadvantage in the process by this order, 

because by applying the other sequence, Mo extraction in the second stage is 

minimised. 

An alternative alkaline leaching, based on chelation, was proposed by Marafi 

(2012). The use of EDTA solution, at pH 10-11, allowed the recovery of Ni, V, 

Mo and Co due to the formation of soluble complexes between EDTA and metals. 

In this case, the alkaline medium was not applied, as a selective strategy, but as a 

method to dissolve all valuable metals in more mild conditions than when using 

strong acids. 

The Cri-MET industrial process is an example at large scale that comprises two 

caustic pressure leaching stages, where the first stage consists on the dissolution 

of Mo and V under oxidised conditions at elevated temperature and the second 

stage with strong caustic to solubilise Al (Marafi and Stanislaus 2008). 
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2.3.6 Biol_[]hing 

The use of bacteria (heterotrophic and autotrophic) and fungi in metal leaching 

is an alternative to physico-chemical processing of residues, such as spent 

catalysts. 

Biohydrometallurgical processes are considered to be low-cost and with low 

energy requirements, occurring at room temperature and simpler to operate; 

however, the operation time is much longer and the process is dependent on 

atmospheric conditions. Due to their tolerance to high concentrations of heavy 

metals, Acidithiobacilus species (A. ferrooxidans and A. thiooxidans) are the most 

common autotrophic bacteria used in metal solubilisation from spent HDS 

catalysts. Good recoveries of Ni, Co and V are usually achieved, but Mo 

extractions tend to be lower (Gholami et al. 2011, Mishra et al. 2009, Pradhan et 

al. 2013). In fact, Pradhan et al. (2013) added a chemical leaching step after the 

bioleaching to recover the remaining Mo. Operation pH is usually lower than 2 

and a minimum of 20 h are required for an effective leaching (Mishra et al. 2009, 

Pradhan et al. 2009). 

In the case of fungi, the genera Aspergillus and Penicillium are the most 

applied in the leaching of metals; however, duration can be as long as 20 to 50 

days, which do not include incubation time of the microorganisms. Ni was the 

most efficiently extracted metal with recoveries close to 100% after 50 days 

(Aung 2004). 

 

2.4 METALS LEACHING TECHNOLOGIES 

The term leaching implies the solubilisation of target compounds from a solid 

matrix. Such procedure involves the use of water or aqueous solutions, usually 

alkalis or acids, and can be aided by pressure and/or temperature. Leaching 

processes can be optimised by changing the type of solutions or the extracting 

conditions; however, the use of concentrated solutions and long reaction times are 

seen as two great disadvantages of hydrometallurgical processes. In a tentative to 

overcome these shortcomings, metals dissolution can be assisted by auxiliary 

energies. Ultrasound and microwave irradiation proved to be actual options in 

minimisation of energy and optimisation of reaction control. 
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2.4.1 Ultr[soun^ 

The use of ultrasound as a method for diagnosis emerged in the beginning of 

the 20th century and, in the middle of the century, application of this technology in 

industry like plastic welding and cleaning was already established. Nowadays, 

ultrasounds are used in a wide variety of applications such as chemical synthesis, 

electrochemistry, food technology, water treatment, surface cleaning, 

nanotechnology, therapy and diagnosis. 

 

 BASIC CONCEPTS 2.4.1.1

Ultrasound is a high frequency sound wave above 20 kHz, undetectable to 

human ears. The range of ultrasound waves’ frequency for chemical applications 

is between 20 and 100 kHz (low frequency, high power) while methods for 

diagnosis use frequencies from 1 to 10 MHz (high frequency, low power). The 

successive expansions and compression cycles at high frequency affect the liquid 

molecules, present in a chemical system, causing them to oscillate. During the 

expansion phase, the negative pressure produced in the liquid exceeds the 

attractive forces between the molecules of the liquid, which causes the formation 

of voids: this phenomenon is called cavitation. When the liquid compresses, the 

cavitation bubbles can either be stable, or expand and collapse and the two 

situations can occur simultaneously in the liquid (Figure 2.2). In situations like 

extraction and leaching, where solid particles are suspended in the liquid, the 

collapse of the bubbles next to the solid surface is non-symmetrical, which 

originates high-speed micro-jets towards the solid surface (Figure 2.2). Erosion 

and cracking caused by such event, together with very high temperature and 

pressure (can be up to 4000 K and 100 MPa), created instantaneously by the 

collapse of bubbles, enhance the solubilisation of target components of the solid 

(Capelo-Martínez 2009, Junior et al. 2006, Luque de Castro and Priego Capote 

2006, Mason 2003).  
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Figure 2.2. Schematic representation of collapsing cavitation bubbles (C = compression, R = 
rarefraction) and penetration of liquid through the solid surface due to cracking.  

 

The intensity and frequency of the ultrasonic waves, solvent characteristics, 

external temperature and pressure greatly affect the cavitation process. Higher 

frequencies can decrease cavitation while the larger amplitude of the waves, 

which is proportional to the intensity, can cause an increase in cavitation; however 

this may not lead to better results, as high intensities can cause undesirable effects 

(Capelo-Martínez 2009). In the case of temperature, although higher values are 

normally advantageous in solid-liquid extractions, cavitation is better achieved at 

lower temperatures.  

Both baths and probes can be used to apply ultrasonic energy to a system. 

Ultrasonic baths do not use energy efficiently as significant quantities are lost to 

the water. The amount of energy, that actually reaches the sample, depends on the 

bath dimensions, water volume, the transducer type, the wall thickness and 

material of the vessel/flask containing the sample, the number of flasks in the bath 

and where they are placed. Poor reproducibility is then associated to ultrasonic 

baths (Narayana et al. 1997). Besides, when using a bath, because the incidence of 

the wave is indirect, the ultrasonic energy is mostly transformed into heat when it 

reaches the water bath; so, the effects in the sample may not differ significantly 

from a conventional thermostatic bath. The alternative is to use a probe that, when 

immersed in the sample container, directly applies the ultrasonic waves. The 

intensity delivered by a probe is much higher than by that of a bath. However, the 

possible contamination of metals present in the probe and the fact that the flask 

containing the samples is usually not sealed, leading to the volatilisation of 

solvent and compounds, are drawbacks of this device. 
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 ULTRASOUND-ASSISTED LEACHING 2.4.1.2

Ultrasonic leaching is considered an environmental-friendly technique and its 

advantages include: (i) enhancement of particle fragmentation and 

deagglomeration, which increases surface area, (ii) requirement of lower 

temperature, pressure and duration and (iii) increasing of mass transfer rates due 

to high local turbulence. 

In laboratories, ultrasound-based methods are widely used for extraction of 

organic and inorganic analytes from solid samples in order to determine their 

composition by spectroscopic techniques.  Analytical purposes apart, there are 

already several studies intended to use sonication as part of the process to recover 

metals from solids. Papers dealing with the leaching of metals from ores using 

ultrasound power go as back as the 1970s (Swamy et al. 1995).  

An example of the application of this method to ores is the leaching of Cu from 

an oxide ore using ammonia solution (Rao et al. 1997). Similar efficiencies were 

achieved by ultrasound with probe and mechanical agitation; however, the key 

factor was the duration: 20 min of continuous ultrasound had the same effect of 

120 min of conventional treatment.  Since continuous sonication can be 

energetically demanding, pulse mode was tested and an even better results were 

achieved showing that intermittently ultrasound might be a strategy to both save 

energy and increase metal leaching.  

Tekin (2002) studied the dissolution of phosphate ores in HCl and concluded 

that by increasing the amplitude of ultrasound power the conversion fraction 

increased. 

Due to the ability of the ultrasound waves to provoke cracks and fissures in the 

solid and even reduce particle size, it may be more advantageous to use ultrasound 

in larger particles. In the leaching of uranium from magnesium fluoride, Avvaru et 

al. (2006) concluded that the effect of ultrasound applied through a bath is more 

significant on the leaching rate for higher size particles when compared to lower 

size.   

The case of Cu dissolution from slag, studied by Bese (2007), is an example 

where the use of ultrasound does not seem to make a difference, although the 

statistical analysis showed a positive influence. Maximum difference was below 

10% in Cu extraction while the results for the other metals were practically the 
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same. On the other hand, Li et al. (2008) achieved an increase of 20% in Mn 

extraction from slag when using ultrasound-assisted process.   

Deng et al. (2009) decided to test if the effect of ultrasound was enough to 

extract metals from sewage sludge. Thus, leaching with water and different 

concentrations of HNO3 were experimented.  It was concluded that ultrasound 

plays a significant role in leaching but the major part is explained by the presence 

of the acid; ultrasound is more of an enhancing tool, but cannot extract metals by 

itself. Wang et al. (2014) was able to increase Zn extraction in 13% by using 

ultrasound-assisted H2SO4 leaching. Opposing these conclusions, Dutra et al. 

(2006) did not found any advantage (duration or efficiency) in using ultrasound to 

leach Zn from electric arc furnace steel dust in comparison with conventional 

leaching at 90 ºC. 

In some situations, ultrasound is used to promote selective leaching. While the 

extraction of Cu, Zn and Ni from an electroplating sludge increased about 10% 

when ultrasound was applied, the dissolution of Fe and Cr decreased, resulting in 

a more selective extraction of the more valuable metals (Li et al. 2010). 

Analogous conclusion was obtained by Zhang et al. (2013), where the presence of 

ultrasound contributed for a better extraction of Cu from sludge while Fe or Cr 

extraction, depending on the type, was affected. 

Amongst the hydrometallurgical treatment of secondary resources, there are 

also studies that deal with ultrasound leaching. Xie et al. (2009) reported the 

treatment of printed-circuit boards. Ni recovery from spent fertilizer catalysts was 

significantly faster using ultrasonication (50 min vs. 7 - 9 h) (Oza et al. 2011). 

Marafi (2012) studied the extraction of Mo, V, Ni and Co from spent HDS 

catalyst, using EDTA solutions, via ultrasound-assisted leaching; however, the 

process had the duration of 6 h maybe due to the use of a bath instead of a probe. 

The leaching of Co and Li from spent Li-ion batteries, using an ultrasonic bath, 

also lasted for 5 h, in the presence of citric acid and hydrogen peroxide (Li et al. 

2014). In the recovery of rare-earths from spent fluorescent lamps, the advantages 

of ultrasound depended on the metal, being particularly helpful in leaching Hg and 

Gd (Tunsu et al. 2014). 
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 SCALE-UP 2.4.1.3

Ultrasound-based leaching can only be interesting if there is possibility to 

scale-up into an industrial process. One of the challenges in scale-up is the 

understanding of design parameters involving cavitation bubble dynamics and its 

chemical effects and the reproduction of the acoustic field parameters into larger 

size reactors; a heterogeneous system is particularly challenging. The ultrasonic 

processing can be performed in batch or continuous. 

When it comes to cleaning equipment, there are large scale tanks that have the 

capacity for thousands of litres (Hunicke 1990).  

The company Prosonix commercialises ultrasound flow cells, with capacities 

up to 50 L, with similar configurations to plant scale equipments in order to 

perform pilot tests (Prosonix 2009). Other products from this company use 

piezoelectric transducers that can be attached to the outside surface of a metal tube 

and emit ultrasound to a process flow. The Clamp-On-Pipe reactors, produced by 

Advanced Sonic Processing Systems (2014), have a similar work base and can be 

adapted to existing piping systems to enhance chemical reaction rates. The same 

company sells Dual-Frequency Reactors with a reaction chamber through which 

the process stream flows and is ultrasonically treated. Hielscher Ultrasonics 

(2014) supplies equipment for industrial ultrasonic liquid processing for flow-

rates that range from 0.25 to over 10 m3/h. 

Li et al. (2010) confirmed the results of extracting metals from electroplating 

sludge obtained in laboratory in a pilot-scale test. The batch experiment was 

conducted with 100 kg of sludge and efficiencies were comparable to those 

achieved at smaller scale. Nickel and Neis (2007) proposed a full-scale ultrasound 

flow-reactor to treat biosolids. Ultrasound energy was delivered through 

sonotrodes (equivalent to probes in lab scale), each one supplied by a generator. 

Similar concept was suggested by Mason et al. (2004) to apply in soil washing. 
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2.4.2 Mi]row[v_ 

Domestic and commercial applications of microwaves started to appear in the 

1950s as a result of the development of devices to generate fixed microwave 

frequencies during World War II. Communications, radar technology, navigation, 

heating and spectroscopy are the main uses of microwave radiation. 

 

 BASIC CONCEPTS 2.4.2.1

Microwaves are electromagnetic radiations with frequencies between 300 MHz 

and 300 GHz. For heating purposes, the frequencies accorded by international 

agreement are 915 MHz and 2.15 GHz, to avoid interferences with 

communication and radar systems. The higher value is the one used in microwave 

ovens and small-scale applications while industrial equipments can use both 

frequencies. 

Microwave heating is based on the ability of the electric field to polarise the 

charge of the material. There are different types of dielectric polarisation but 

orientation polarisation is the most important mechanism at microwave frequency 

because the energy required for electron and atomic polarisation is much greater 

than what can be produced by microwave frequencies (Al-Harahsheh and 

Kingman 2004). 

The way a material reacts to an electric field can be represented by its dielectric 

properties. The relative complex permittivity (ε*) is, in practise, the degree of 

conversion of electromagnetic energy into heat and consists of two parts, real and 

imaginary, which are dielectric constant (ε’) and dielectric loss factor (ε’’), 

respectively (Dai 2006). The dielectric constant describes the material’s ability to 

store electric energy, which is the ability to be polarised, while dielectric loss 

indicates the material’s ability to dissipate electric energy into heat. Depending on 

their dielectric properties, i.e. how they respond to microwave irradiation, 

materials can be classified into three categories (Figure 2.3): 

- Transparent (or low-loss): microwaves pass through without any losses; 

- Conductor: reflect microwaves without any penetration; 
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- Absorber (or high-loss): absorb microwaves and dissipate the 

electromagnetic energy as heat, depending on the value of the dielectric 

loss factor. 

 

Figure 2.3. Different types of materials under microwave irradiation. 

 

One of the main advantages of microwaves over conventional heating methods 

is that the heating is volumetric, which means that instead of being transferred 

from the surface to the interior of the material or solution by conduction or 

convection, it is generated throughout the volume of the product due to 

penetration of microwaves. Because the capacity of the volumetric heating under 

microwave irradiation is dependent on the dielectric constant and dielectric loss, it 

is important to know the dielectric properties of the solvents and/or materials to be 

studied. These properties can be found on appropriate databases or be measured 

through several techniques (Venkatesh and Raghavan 2005). Water, for example, 

is classified as an absorber and has a high dielectric constant, which makes it 

easily heated under microwave irradiation. 

Nowadays, two types of microwave reactors are available for chemistry: 

single‐mode and multi‐mode. The single-mode machines have a cavity, which is 

designed to the length of only one wave, therefore generating only one mode of 

microwave energy. The wave generates a centre of high electromagnetic field 

intensity with homogenous energy distribution in the cavity where the reaction 

takes place. The energy density in a single-mode cavity is higher than in multi-

Transparent

Conductor

Absorber
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mode even though the power output is lower: only one area of microwave energy 

exists, as opposed to multiple areas of high electromagnetic energy in the larger 

multiple mode cavity. Single-mode is mostly to be used in laboratories where the 

samples have a reduced volume; domestic microwaves have a multi-mode cavity. 

 

 MICROWAVE-ASSISTED LEACHING 2.4.2.2

Just like heating food in a microwave at home is faster and increases heating 

rate, the use of microwave irradiation to extract metals from solids has been 

studied in an effort to obtain better yield, while reducing processing time and 

solutions concentration. Particular advantages in microwave chemistry are (i) 

direct, selective and volumetric heating and (ii) more controllable heating process, 

which can reduce the quantity and concentration of solvents, making it an 

environmental-friendly process. The evaluation of environmental impact, through 

life-cycle assessment, in the production of rutile from titanium slag leaching, 

showed that microwave processing has benefits in energy consumption, 

processing time and environmental protection (Chen et al. 2010). 

When it comes to metals extraction from primary minerals, microwave-based 

methods started to appear more often in the 1980s, but most of the studies 

involved heating of dry mixtures with microwave, followed by normal leaching 

instead of hydrothermal leaching (Al-Harahsheh and Kingman 2004). 

In terms of leaching, the comparison between microwave and conventional 

heating is not linear through works of different authors, due to differences of how 

heating is applied. Microwave-assisted extractions can range from a few minutes 

to a couple of hours depending if it is used a microwave reactor or a household 

appliance, the material of the vessel and other experimental details.  

High recoveries in microwave system can be explained by selective heating of 

solid particles over solutions, which cause the reaction interface to have a higher 

temperature than the bulk solution. The temperature gradient generated between 

the two phases increases reaction rate (Al-Harahsheh et al. 2005, Krishnan et al. 

2007). 

Al-Harahsheh et al. (2005) studied the leaching of Cu from chalcopyrite using 

sulphuric acid and iron sulphate. Higher leaching of Cu was attained using 

microwave, than in a conventional process with the same duration. The authors 
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suggest that the enhanced recoveries under microwave irradiation are more likely 

to be a result of thermal effects instead of non-thermal effects. In fact, 

temperatures reached inside microwave can be significantly higher. When 

leaching boron oxide from colemanite, Bayca (2013) found that the temperature 

of the acid solution reached 183 ºC in a domestic microwave, compared to 80 ºC 

in conventional process. Recoveries were very close to 100% for both methods, 

but the main difference was the leaching time: 40 min for conventional method 

and 5 min for microwave. 

Most of the studies prove the considerable faster processing when leaching 

metals from solids under microwave heating. Jafarifar et al. (2005) studied the 

recovery of Pt and Rh from spent catalysts using aqua-regia by varying time and 

liquid/solid ratio. Microwave-assisted leaching promoted a faster process (5 min 

vs. 2.5 h for conventional at 109 ºC) with an even lower liquid/solid ratio, 

leaching more than 98% of Pt. The efficiencies in the extraction of Cu from 

sludge from printed-circuit boards were higher or similar after 30 min of 

microwave assisted leaching and 18 h at 25 ºC with traditional method (Kuo et al. 

2005). Moreover, with the application of microwave, the treatment of larger size 

particles was possible. Wu et al. (2009) assessed the heavy metals removal from 

industrial sludge by traditional and microwave-assisted acid extraction 

approaches. Cu leaching yields were similar after 30 min of microwave-assisted 

extraction and 48 h of the traditional process at room temperature. High recovery 

of gold from leaching refractory ores with sodium cyanide was achieved after 12 

minutes of microwave leaching (Chen et al. 2013). The experiment in 

conventional conditions had the duration of 24 h at 93 ºC. However, no variation 

of extraction with time was presented; so, these results might be reached in less 

time. 

There are cases, where not only the processing was faster, but the leaching was 

actually improved, either because the conventional leaching time was not 

sufficient to reach equilibrium or due to the more drastic conditions of microwave 

that enhance the dissolution of more insoluble solid phases, or even caused by 

better penetration of the liquid into the solid as microwave irradiation might lead 

to cracking. Acid leaching of Zn from furnace dust sludge led to recoveries 10 to 
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20% higher with microwave heating than using the conventional process at 50 ºC 

(Veres et al. 2011). 

In caustic leaching of electric furnace dust, the majority of Zn recovery (70%) 

was achieved after 30 min of traditional heating at 90 ºC using NaOH 3 mol/L 

(Xia and Pickles 2000). In microwave leaching, Zn recovery achieved its 

maximum after 5 min and reached 80%, indicating that more Zn solid phases are 

being solubilised. Besides, the use of microwave allowed a higher solid to liquid 

ratio. 

The study held by Hasegawa et al. (2013) is an example where solutions of 

aminopolycarboxylates were used in microwave-assisted leaching. In this case, 

the goal was to recover indium from LCD panels and the application of 

microwave avoids the pre-crushing of the waste due to penetration of the 

electromagnetic waves. 

 

 SCALE-UP 2.4.2.3

Several industries apply microwaves in their processes in operations such as 

food processing (cooking, tempering, bread pasteurisation, sterilisation), drying 

(pharmaceutics, ceramics, paper, leather, sludge) and heating (rubber curing, 

sintering of ceramics). All these applications consist in the treatment of solids and 

this is the area where most advances in terms of industrial equipment have been 

made. Machines comprise a conveyor to transport the product that passes through 

a chamber where microwave energy is delivered. Equipments to deal with liquid 

or solid-liquid systems at industrial scale, fundamental in chemical applications, 

practically do not exist yet; so, this is the sector in microwave industry with 

greater potential to grow. It is essential that the design of new equipments takes 

into consideration the conversion of electricity into microwave energy, output 

power, homogenisation of the electric field, reactor geometry, dielectric properties 

of the materials to be heated, temperature and pressure control, safety and cost. In 

the case of batch reactors, the scale-up faces the problem of heating large volumes 

due to the limited penetration depth of microwave irradiation (Al-Harahsheh et al. 

2006, Kremsner et al. 2006). Continuous flow avoids or at least decreases this 

problem, but for heterogeneous mixtures it is not the most advisable way of 

processing. 
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The company Sairem has developed a batch reactor especially for microwave-

enhanced chemistry with a maximum capacity of 500 L (Figure 2.4), as well as 

flow reactors that can be adapted for a variety of processes (Sairem 2013). 

Huayuan Technology commercialises microwave extraction equipment for pilot 

scale testing that also has a maximum volume of 500 L and is prepared for water 

and ethanol extraction (Huayuan Technology 2014). Atlanta Chemical 

Engineering proposes equipment for chemical synthesis and processing in 

continuous mode with a maximum production of 570 L/h (Atlanta Chemical 

Engineering 2014). 

 

 

Figure 2.4. Batch reactor 500 L by Sairem. 

 

Morschhauser et al. (2012) tested microwave-assisted organic synthesis in a 

continuous flow reactor with a maximum flow rate of 20 L/h; results showed a 

good energy efficiency. The extraction of oils from soil beans and rice bran in 

both laboratory and pilot scale was studied by Terigar et al. (2011). Flow rate in 

pilot scale was between 0.6 and 1 L/min and extractions achieved were 

comparable to the smaller scale, concluding that a microwave-based extraction 

process can be a commercially viable alternative for traditional extraction 

methods. 
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2.5 RECOVERY OF METALS FROM SOLUTION 

Leaching of metals from secondary resources implies further separation, 

purification and recovery of valuable products than can be reintroduced in the 

market. These stages are highly dependent on which metals and other ions are 

present in solution, the presence of organic components and pH of solution. This 

section focuses on techniques and studies that were applied in recovering metals 

from leaching solutions of spent HDS catalysts or that might be interesting for this 

application, based on the metals involved. 

 

2.5.1 Pr_]ipit[tion 

Recovery of metals by precipitation is the easiest and most inexpensive 

method, but high purities are more hardly achieved. Most of the times, metals are 

recovered by precipitation after previous purification of the solution by other 

techniques, but precipitation itself can be used to separate metal ions through pH 

control, based on different solubilities of the compounds. Modelling the species 

distribution in aqueous solution, considering equilibrium constants, can be helpful 

in optimising pH conditions. 

Mo can be recovered by precipitation, as ammonium molybdate, at low pH and 

temperatures up to 90 ºC. Often, the solid obtained is calcinated to produce MoO3. 

Molybdenum sulphide obtained by the addition of H2S gas to an acidic solution 

(Zeng and Cheng 2009b), barium molybdate produced by adding a barium salt to 

an alkaline solution (Chen et al. 2006a), calcium molybdate precipitation at pH  > 

5 (Evans 1998, Swinkels et al. 2004) are examples of other Mo compounds that 

can be recovered from aqueous solutions by precipitation. When in the presence 

of Al, it is advisable that Al is firstly precipitated due to its insolubility between 

pH 3 and 11. 

Ni and Co are usually precipitated as hydroxide, but in the presence of other 

metals, especially Al and each other, previous separation by additional methods is 

desirable. Lee et al. (2010) first precipitated Al, with just 6% of Ni lost; however, 

in this case Ni was in large excess. Valverde et al. (Valverde et al. 2008) proposed 

a method based on the precipitation of Ni and Co, as oxalates, while the Al-

oxalate complex remains soluble. 
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2.5.2 Solv_nt _xtr[]tion 

Currently, solvent extraction is used to recover a wide range of metals. Even 

though solvent extraction generally leads to high recoveries, its main disadvantage 

is the several stages and reagents involved, including organic extractant, diluent 

and strong acid stripping solution. 

Solvent extraction has been widely studied to separate Mo from other metals 

and to concentrate the solution. A considerable number of recent studies have 

investigated this problem. Chen et al. (2006b) separated Mo from V present in an 

ammonia leaching liquor using trialkylamine N-235 acidified with HCl; this 

extractant was also used by Zhao et al. (2011) to extract Mo from an alkaline 

leaching solution of Ni-Mo ore. Mishra et al. (2010) chose solvent extraction with 

LIX-841 to separate Mo and V from Ni, Fe and Al in a H2SO4 leaching solution. 

Alamine 304 and Alamine 336 were tested by Valverde et al. (2008) to separate 

Mo from an acid leachate of a spent catalyst at room temperature containing Mo, 

Ni/Co and Al. Zeng and Cheng (2010) separated Mo and V from Ni, Co, Al and 

Fe present in an acid leaching liquor using LIX-63. Park et al. (2010) studied LIX-

84, in different diluents, to isolate Mo from Ni and Al, at pH 0.5. Solvent 

extraction implies the stripping of metals from the organic phase, usually using 

ammonia solution for Mo and further precipitation. Using a combination of 

solvent extraction, ammonia stripping, precipitation and calcination, almost total 

extraction of Mo (generally higher than 98%) from the mother liquor, as a final 

product of high purity, can be achieved. 

When the goal is to recover Ni or Co from an Al solution, several studies can 

be found, most of them based on solvent extraction. Kim and Cho (1997) 

separated Ni with dimethylglyoxime. Zhang et al. (1995) studied the extraction of 

Ni and Co together from Al with a mixture of LIX 63 and Cyanex 272, but Co 

was more efficiently extracted than Ni. Several authors used Cyanex 272 to 

separate Al from Ni or Co (Mohapatra and Park 2007, Park et al. 2010, Park et al. 

2007, Rao et al. 2012, Tsakiridis and Agatzini-Leonardou 2005). Orive et al. 

(1992) compared a process of direct precipitation, where Ni and Co precipitated at 

pH > 12.5, with solvent extraction of Al, using Cyanex 272 or LIX 26 as 

extractants. Solvent extraction proved to be more effective than precipitation, as 

the second led to a solid of Ni and Co with significant amount of Al. 
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The separation of Ni from Co in aqueous solutions is very difficult due to the 

similarity between these two metal ions in terms of physico-chemical properties. 

Solvent extraction is, most of the times, the solution found to overcome such 

problem. D2EHPA, PC 88A and Cyanex 272 are the most studied and efficient, 

especially the last, in the extraction of Co over Ni and further recovery of the 

metals (Devi et al. 1998, Rodrigues and Mansur 2010, Tait 1993). 

 

2.5.3 @^sorption [n^ ion _x]h[ng_ 

The separation of V from Mo by ion exchange has been proposed by some 

authors (Zeng and Cheng 2009b). Recently, Nguyen and Lee (2014) used a strong 

anionic resin to separate Mo and V from the rest of the solution obtained after 

leaching spent HDS catalyst. The same group had studied the recovery of Mo 

from a Co solution with a cationic resin (Nguyen et al. 2013). The application of 

adsorption with activated carbon to separate Mo from Ni and Al in leaching 

solutions of spent HDS catalysts is possible and efficient, under very acidic 

conditions, and the metal can be desorbed using ammonia and precipitated as 

ammonium molybdate (Mohapatra and Park 2007, Pagnanelli et al. 2011, Park et 

al. 2006). Kar et al. (2004) used activated carbon to increase the purity of sodium 

molybdate solution obtained after alkaline leaching. 

Regarding Ni and Co recovery, ion exchange is a possible technique; however, 

studies directly related to spent catalysts are not frequent. Nagib et al. (1999) 

studied a chelating resin to retain Ni, in the presence of a large quantity of Al from 

a solution obtained after H2SO4 leaching of HDS catalyst. Chelating resins have 

been often studied to recover Ni and Co from aqueous solutions from other 

sources (Dizge et al. 2009, Juang et al. 2006, Littlejohn and Vaughan 2012, 

Mendes and Martins 2005). Various biosorbents have been reported for the 

removal of Ni from aqueous medium (Doan et al. 2008, Pahlavanzadeh et al. 

2010, Qi and Aldrich 2008)  

 

2.5.4 El_]trolysis 

Many authors claim that it is not possible to obtain metallic Mo from aqueous 

solutions by electrodeposition (Eliaz and Gileadi 2008, Kusnetsov et al. 2004). In 
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the experiments, where deposition of metallic Mo was observed, high 

concentrations of salts, e.g. acetates, are needed and current efficiency is very low 

due to hydrogen evolution (Ksycki and Yntema 1949, Morley et al. 2012). The 

deposition of Mo oxides, which are promising materials as cathode materials for 

Li batteries, has been studied from solutions where Mo is usually in the form of 

molybdate (Banica et al. 2009, Kusnetsov et al. 2004, Nagirnyi et al. 2004, 

Nagirnyi et al. 2006, Sinkeviciute et al. 2011). 

Ni can be produced by electrowinning, and electroplating is a common 

industrial method to create a thin layer of Ni onto a metal object. Lai et al. (2008) 

tested the recovery of Mo, V and Ni from a leaching solution of spent catalyst 

using electrolysis; however, maximum Ni recovery was 66%. 

Like precipitation, electrolysis is normally used as a way of recovering the 

metal from an already purified solution. Electrowinning of Ni from Li-ion 

batteries leach liquor was optimised by Lupi and Pasquali (2003) after separating 

Co using solvent extraction. Similarly, Agatzini-Leonardou et al. (2009) used 

precipitation followed by extraction to purify and concentrate Ni solution before 

electrodeposition. Ni electrodeposition implies the addition of boric acid as a 

buffer and pH should be above 3-4 (Agatzini-Leonardou et al. 2009, Orhan et al. 

2002), but there are studies of Ni recovery from alkaline solutions in the presence 

of ammonia (Fornari and Abbruzzese 1999). 

 

2.6 ECONOMIC INTEREST OF METALS 

2.6.1 Moly\^_num 

World’s biggest Mo reserves are located in United States, China, Peru, Mexico, 

Chile and Canada (Stiefel 2000a). In the past, Mo ore was usually produced as a 

by-product in Cu mines but nowadays there are primary-mines for this metal that 

supply one quarter of the world’s production. Before 2001, molybdenum price (as 

MoO3) was stable around 10 USD/kg; from there, it started to increase, achieving 

a maximum value in June 2005 of 103 USD/kg and, as for July 2014, the value 

was 30 USD/kg (Figure 2.5). Currently, the resources and exploitation of Mo are 

adequate to supply the world needs for the foreseeable future; so, the price is not 
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expected to abruptly increase in the next years as it did when Mo demand started 

to rise. 

 
Figure 2.5. Variation of molybdenum oxide price in the last 18 years (Infomine 2014). 

 

The main use of Mo is in the steel industry to produce alloys and super-alloys, 

which are applied in aeronautics, turbines, missiles, motors etc. The major 

advantages of metallic Mo in alloys are the ability to withstand high temperatures, 

electrical resistance and high corrosion resistance. 

In terms of Mo compounds, since 2000, there has been an increasing demand 

for Mo-containing catalysts, used in redox reactions, isomerisation, 

hydrogenation, hydrodesulphurisation, polymerisation, amongst others (Sebenik 

et al. 2000). Molybdenum disulphide, the most common natural form of Mo, is 

used as lubricant, forming films on metallic surfaces, which reduces wear and 

friction. Molybdates can be used as corrosion inhibitors on ferrous metals, being 

beneficial in cooling and anti-freeze systems (Stiefel 2000b). This capacity to 

avoid corrosion is also appreciated when they are applied as pigments in paints 

and dyes: zinc, calcium and strontium molybdates are used as white pigments and 

corrosion inhibitors in paint formulations; lead molybdate is usually precipitated 

together with other lead salts to form orange pigments; organic dyes can also 

contain molybdates. Mo-based coatings act as flame retardants and smoke 

suppressants, in the formulation of synthetic polymers, like PVC for cables and 
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wires, and fabrics. Fertiliser formulations often contain Mo compounds since it 

stimulates both nitrogen fixation and nitrate reduction. 

 

2.6.2 Ni]k_l 

Nickel exists in nature is several mineral forms, especially as sulphides, oxides 

and silicates. The major part of Ni produced is recovered from sulphide ores even 

though 80% of the world’s known Ni resources on land are in oxide ore bodies. 

Most of the sulphide ore bodies are situated in Canada, Russia, South Africa, 

Australia, Zimbabwe, and Finland while oxide deposits are currently exploited in 

Australia, Brazil, Cuba, the Dominican Republic, Greece, Indonesia, the 

Philippines, old Yugoslavia region, United States, and Russia. The production of 

Ni from oxide ores has higher fuel and electrical power costs due to the higher 

energy requirements; so, production from sulphide is preferred (Kerfoot 2000). 

However, the fraction of Ni in sulphide ores is continuously decreasing because 

higher grade deposits have already been exploited, which increases exploitation 

costs. The recovery of Ni from secondary resources might be a solution to 

overcome the increasing costs and energetic demand of Ni primary exploitation. 

In the last 5 years, Ni price has been varying between 10 and almost 30 

USD/kg (Figure 2.6); at July 2014, the value was very close to 20 USD/kg. 

 

 

Figure 2.6. Variation of nickel price in the last 25 years (Infomine 2014). 
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The main uses of Ni are in stainless steel, alloy steels, Cu and Ni alloys and 

plating that can be applied in automotive and chemical industry, electronics, 

construction and machinery, coinage, aerospacial industry, etc. 

Ni oxides are used in the manufacture of steels, ceramic industry, catalysts and 

fibres for gases filtrations. In plating solutions for metal-finishing applications, 

nickel sulphate is preferred. Inorganic compounds like sulphates, nitrates, halides, 

carbonates, hydroxides and phosphates can be applied in a wide range of products 

like catalysts, glass pigments, batteries, electroplating baths, coatings or as 

precursors of other nickel compounds. 

 

2.6.3 Co\[lt 

Most of the Co produced is as a by-product of the exploitation of other metals 

such as Cu, Ni and Ag. Almost half of the world’s Co production depends on just 

one country, the Democratic Republic of the Congo; so, the availability of the 

metal greatly relies on the political stability of this region. 

Co price had a great increase in 2007 and 2008, with a maximum value of 115 

USD/kg, but more recently (2013-2014) the price was around 30 USD/kg (Figure 

2.7). 

Metallic Co alone does not have many applications, but is an important 

element in alloys and superalloys used in aircraft engines, magnets, cutting-tools 

materials and corrosion and water-resistant alloys. Co compounds and ores have 

been using since ancient times (circa 2500 B.C.) as blue pigment in ceramics and 

glass and this application continues to be relevant nowadays. Lithium cobalt oxide 

in widely used in the cathodes of Li-ion batteries and cobalt-based catalyst are 

important in steam reforming, hydrogenation, hydrodesulphurisation and 

hydroformylation reactions. 
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Figure 2.7. Variation of cobalt price in the last 10 years (Infomine 2014). 

 

2.6.4 @luminium 

When it comes to recovering metals from secondary resources like spent 

catalysts, it is not the presence of Al that makes the recycling economically 

interesting. 

Al is the most common metal on Earth and is one of the most recycled of the 

world. In the last 5 years, the prices of aluminium varied between 1500 and 2500 

USD/t, and is currently in 2000 USD/t (Infomine 2014), which makes it less 

valuable than Ni and Mo. 

It is the most widely used non-ferrous metal either in aircrafts, cars, 

constructions, household items, packages, power lines, paints. Al oxides are 

applied in industrial catalysts, absorbents or abrasives, but the majority is 

converted to metallic Al. 
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3.  L_[]hing of moly\^_num 

from sp_nt Ni-Mo ][t[lyst  

 

 

 

 

 

 

 

 

 

In this section, the aim was to study the alkaline leaching of a spent HDS 

catalyst to dissolve Mo selectively, using environmental-friendly techniques 

(specifically ultrasound- and microwave-assisted leaching) and to compare the 

results with a conventional leaching procedure. 

A selective Mo leaching (measured by a high Mo/Al concentration ratio) is a 

crucial point since a simpler subsequent metal recovery step can be implemented 

and will allow recovering the metal (or metal compound) with high purity. As 

seen in Chapter 2 (section 2.4), during the last decade, microwave and ultrasound 

techniques have been widely studied using different chemical processes, with very 

promising results, both in terms of process time saving and increasing efficiency. 

Due to these reasons, they were chosen for this application. 

 

This chapter is based on the published paper: Pinto ISS and Soares HMVM 

(2012). Selective leaching of molybdenum from spent hydrodesulphurisation 

catalysts using ultrasound and microwave methods. Hydrometallurgy, 129-130, 

19-25. 
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3.1 EXPERIMENTAL 

3.1.1 Ro[sting [n^ ]h[r[]t_ris[tion of th_ sp_nt ][t[lyst 

Spent Ni-Mo catalyst, used in HDS process, was provided by a Portuguese 

refinery. The catalyst has a trilobe extrudate shape and particle lengths varied 

between 2 and 8 mm with average value of 4.7 mm; the particles diameter was 1.4 

mm. For experiments, where crushed catalyst was used, the particle size 

distribution was analysed in aqueous medium by laser dispersion, using a Coulter 

LS230 instrument: 90% of the particles were below 860 µm with an average size 

of 385 µm. 

Catalyst samples (2 g) were roasted in air at 500 ºC in a muffle furnace 

(Nabertherm, L5/C6), using porcelain crucibles. The temperature of 500 ºC was 

chosen as it was considered an optimal compromise to obtain higher extraction of 

metals and avoid the formation of mixed oxides, which are formed at higher 

temperatures (Mohapatra and Park 2007). The duration of the roasting step was 90 

min, i.e. the period of time to obtain constant weight. 

After digestion of the roasted spent catalyst (performed using aqua-regia under 

microwave conditions), Al, Co, Mo, Ni, V and Fe concentrations were determined 

in the acid solution, after filtration of the solid residue, by atomic absorption 

spectroscopy with flame atomisation (AAS-FA) in a Perkin Elmer AAnalyst 400 

spectrometer (Norwalk, CT, USA). A nitrous oxide-acetylene flame was used for 

the determinations of Al, Mo and V and an air-acetylene flame for the remaining 

metals. 

 

3.1.2 Comput_r ]h_mi][l simul[tions with MINEQL+ 

Chemical speciation calculations were carried out using the software 

MINEQL+ (version 4.5) (Schecher and McAvoy 2003). Metal speciation analysis 

with MINEQL+ generates chemical equilibrium concentrations of all species 

being considered in the model by the program reactions, based on component 

stability constants (Martell and Smith 2004) and total molar metal concentrations. 

For computer simulations, total molar metal concentrations were calculated 
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considering a solid-liquid ratio (s/l) of 50 g/L and assuming that the total amount 

of metals in the catalyst were in solution. 

 

3.1.3 L_[]hing of th_ ro[st_^ ][t[lyst 

Analytical grade NaOH was used to prepare the leaching solution. For all 

experiments s/l was kept constant at 50 g/L and uncrushed catalyst was used, 

unless otherwise indicated. For conventional leaching, the experiments were 

conducted in glass bottles in a thermostatic water bath with agitation at 150 rpm; 

10 mL of leaching solution was used. Variations in the temperature (25 - 80 ºC), 

time (0 - 120 min) and NaOH concentration (0.125 - 0.50 mol/L) were studied. 

After leaching experiments, the solutions were filtered to separate them from 

the solid catalyst and analysed by AAS-FA to determine metal extraction yield. 

All experiments were done at least in triplicate. 

In order to understand which parameters are more relevant in metal extraction 

from the catalyst, statistical analysis of variance (ANOVA) was performed. Sum 

of squares (SS), degrees of freedom (df), mean of squares (MS), probability (p-

value) of the null hypothesis being true and the percentage of contribution of each 

source of variation were calculated. F-values were calculated and compared to the 

respective F-values extracted from the table for a 95% confidence level (Fcrit). 

 

 ULTRASOUND-ASSISTED LEACHING 3.1.3.1

Preliminary studies, with two different NaOH concentrations (0.125 and 0.25 

mol/L) were performed in an ultrasonic bath Sonorex RK 100H (Bandelin, Berlin, 

Germany) with a frequency of 35 kHz, without agitation. 

Most of the studies of ultrasound-assisted leaching were accomplished using a 

Bandelin Sonopuls HD 2200 (power of 200 W and output frequency of 20 kHz ± 

500 Hz) with a titanium microtip (d = 3 mm). The concentration of the leaching 

solution was maintained constant (0.25 mol/L NaOH) and ultrasonic parameters 

were varied, i.e. pulse (0.1 and 0.5 s) and wave amplitude (20 and 60%). 

Centrifuge flasks with a conical bottom (Figure 3.1) were used because this 

geometry is considered to minimise dead zones in sonochemistry (Capelo-

Martínez 2009). 
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Figure 3.1. Schematic representation of ultrasound-assisted leaching using a probe. 

 

 MICROWAVE-ASSISTED LEACHING 3.1.3.2

The catalyst and the NaOH solution (5 mL) were placed inside 

polytetrafluoroethylene (PTFE) vessels (cup volume: 23 mL, reference 4781, Parr 

Instruments Company, Illinois, USA) and heated in a domestic microwave oven 

(800 W, 2.45 GHz). The bombs were heated separately and placed in the centre of 

the oven. The application of microwave heating was performed in cycles of 30 s 

followed by a cooling step of 20 min to avoid excessive pressure and temperature 

inside the PTFE bombs. 

The efficiency of the microwave-assisted leaching was evaluated for the three 

different NaOH concentrations tested in conventional leaching (0.125, 0.25 and 

0.50 mol/L).  

Since PTFE is a dielectric material with low dielectric loss, the bombs (Figure 

3.2) have the advantage of being transparent to microwave irradiation, which 

means that temperature only increases inside, where it is needed; outside, the 

temperature does not exceed 50 ºC, so the energy of heating is not wasted, as 

occurs in thermostatic baths. 
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Figure 3.2. Scheme of the PTFE vessel used for microwave-assisted leaching. 

 

3.2 RESULTS AND DISCUSSION 

3.2.1 Ro[sting [n^ ]h[r[]t_ris[tion of th_ sp_nt ][t[lyst 

As a consequence of refinery operations, there is an accumulation of sulphur in 

the catalyst and metal sulphides are formed. During the roasting step, these metal 

sulphides are transformed into metal oxides, which are more easily solubilised in 

the subsequent step, and the weight loss is mostly due to the removal of carbon 

and sulphur. After 90 min at 500 ºC, the mass of the roasted catalyst was 

considered stable as further weight reductions were less than 1%. Metal contents 

are presented in Table 3.1. 

 Due to the low concentration of V in the oil fractions treated in the 

hydrodesulphurisation step, where these catalysts were applied, the amount of V 

was below the detection limit of the method used (AAS-FA).  The catalyst before 

and after roasting can be observed in Figure 3.3. 
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Table 3.1. Chemical composition of the spent catalyst after roasting (500 ºC, 90 min). 

Catalyst Weight loss, % 
Wt. % of roasted sample 

Mo Al Ni Co V Fe 

Ni-Mo 18.5 12.1 30 2.6 <0.01 <0.04 0.012 
 

 

 

 

Figure 3.3. Spent Ni-Mo catalyst before (black) and after roasting. 

 

3.2.2 Comput_r ]h_mi][l simul[tions 

The extraction of metals from secondary resources implies further recovery of 

metals as commercial products with high purity. To reduce the number of 

subsequent separation stages, selective extraction of Mo from the spent catalyst 

was studied. In acid medium, all metals in the catalysts were dissolved, as shown 

in other studies (Lai et al. 2008, Valverde et al. 2008); on the other hand, alkaline 

leaching extracts Mo over Ni and Co, and Al is partially dissolved (Angelidis et 

al. 1995, Park et al. 2007). 

Molybdenum (VI) oxide, present in the roasted catalyst, reacts with hydroxide 

ion (OH-) to form molybdate ions (MoO4
2-) according to Eq. (3.1). Aluminium 

oxide can also be solubilised by reaction with hydroxide (Eq. 3.2) to form the 

anion tetrahydroxoaluminate (Al(OH)4
-). 

 

MoO3 (s) + 2 OH- (aq) → MoO4
2- (aq) + H2O (l) (3.1) 

Al2O3 (s) + 2 OH- (aq) + 3 H2O(l) → 2 Al(OH)4
- (aq) (3.2) 
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Computer simulations, based on species equilibrium in aqueous solution, using 

MINEQL+, require the concentration of the metal in solution in mol/L. 

Simulations were performed considering a s/l of 50 g/L and the total amount of 

each metal present in the Ni-Mo catalyst. For these conditions, the concentrations 

of Mo, Al and Ni, which were assumed to be present in aqueous solution, were 

6.3×10-2, 5.6×10-1 and 2.2×10-2 mol/L, respectively.  

 
Figure 3.4. Species distribution diagrams A. Mo (6.3×10-2 mol/L), B. Ni (2.2×10-2 mol/L) and C. 
Al (5.6×10-1 mol/L). The different species of metals in solution were calculated with a chemical 

equilibrium computer program (MINEQL+). 
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The results of the simulations showed the presence of MoO4
2- as the main 

Mo(VI) species in solution for pH values higher than 6 (Figure 3.4-A). Al begins 

to dissolve at pH 10.5 (Figure 3.4-C), while Ni solubilises under acid conditions, 

below pH 7 - 8 (Figure 3.4-B). These results pointed out that there is a pH range 

(between 8 and 10.5) where, theoretically, Mo can be selectively extracted while 

Al and Ni remain as oxides in the catalyst. However, it is also necessary to make 

sure that there is enough OH- present in solution to solubilise the solid Mo. 

 

3.2.3 Conv_ntion[l l_[]hing 

Concerning metal extraction under alkaline conditions, the evaluation of the 

behaviour of the catalyst samples collected at the refinery was performed using a 

conventional method consisting of an agitated thermostatic bath, at atmospheric 

pressure, with uncrushed catalyst samples roasted at 500 ºC for 90 min. Most of 

the studies in literature are performed with crushed catalyst and particle size is 

optimised (Banda et al. 2013, Barik et al. 2012), but there are cases where the size 

of the original catalyst was maintained (Afonso et al. 1995, Angelidis et al. 1995, 

Valverde et al. 2008), which reduces costs by saving a step in the process, as long 

and efficiency is not compromised. 

The leaching solution chosen was aqueous NaOH; time, NaOH concentration 

and temperature were varied whereas s/l was fixed. Figure 3.5-A illustrates Mo 

and Al extraction from Ni-Mo catalyst over time, at room temperature with NaOH 

leaching solution of 0.25 mol/L. Taking into account the occurrence of the 

reaction represented by Eq. (3.1), this concentration of NaOH guarantees an 

excess of moles of OH- ions. It is evident that Mo removal increased with time; 

nevertheless, the same increase was not so clear for Al. After two hours of 

leaching, the concentrations of Mo and Al in the leachate were 3.8 and 1.0 g/L, 

respectively. Given the fact that Al is more abundant in the catalyst than Mo, this 

result indicates a selective leaching of Mo over Al. 
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Figure 3.5. Mo and Al extraction from spent Ni-Mo catalyst using conventional leaching, s/l = 50 
g/L. A. Effect of time (25 ºC, NaOH 0.25 mol/L), B. Effect of NaOH concentration (25 ºC, 120 
min), C. Effect of temperature and NaOH concentration (120 min). Each point represents the 

average of three replicates; standard deviations were below 5% for Mo and 0.8% for Al. 

 

To evaluate the effect of the concentration of the leaching solution in metals 

extraction, NaOH solutions of 0.125 and 0.50 mol/L were also used; the results 

are shown in Figure 3.5-B. A concentration of NaOH lower than 0.25 mol/L was 

chosen to verify if Al extraction was reduced without affecting Mo removal. The 

experimental results demonstrated poorer extraction of Mo with NaOH 0.125 
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mol/L, as well as an inferior value for Al dissolution. On the other hand, with 

NaOH 0.50 mol/L, almost 70 and 10% of Mo and Al, respectively, were 

extracted. These results showed an increase in the dissolution of both metals with 

the concentration of the leaching solution; however, the ratio between the mass of 

both metals (Mo/Al) in the leachate decreased, which indicates a less selective 

removal of Mo. 

For NaOH solutions of 0.25 and 0.50 mol/L, leaching at 50 and 80 ºC was 

experimented and the effects of temperature in Mo and Al extraction were 

assessed (Figure 3.5-C). 

The ANOVA analysis of these results indicated that both NaOH concentration 

and temperature contributed significantly to Mo extraction (Table 3.2), as well as 

the interaction between these two factors; temperature had a greater contribution. 

When focusing on Al leaching (Table 3.3), NaOH concentration had a greater 

influence and a significant interaction between the two factors was observed: for 

NaOH 0.25 mol/L, the increase in temperature did not provoke changes, while the 

use of NaOH 0.50 mol/L greatly enhanced the extraction of Al (Figure 3.5-C). 

This performance is supported by the species distribution diagram for Al in Figure 

3.4-C. For a leaching time of 120 min with NaOH 0.25 mol/L at 80 ºC, the final 

pH for the experiments was around 10.6, where Al is mainly in the solid state. 

However, when NaOH 0.50 mol/L was used, the pH at the end of the experiments 

was 12.4, where Al is partially dissolved. The pH differences translate into 

different selectivity: Mo/Al ratios were 4.3 and 2.0 when leaching was performed 

at 80 ºC using NaOH 0.25 or 50 mol/L, respectively. For the lower concentration 

of NaOH, selectivity increased with temperature, due to the increase in Mo 

leaching while Al remained constant. On the other hand, when a more 

concentrated leachant was used, selectivity decreased with temperature due to an 

enhancement in Al extraction. 
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Table 3.2. Statistical results based on the conventional leaching data for Mo. C: NaOH 
concentration (0.25 and 0.50 mol/L), T: temperature (25, 50 and 80 ºC). 

Source SS df MS F Fcrit 
a p-value Contribution 

C 485.17 1 485.17 88.48 4.747 <0.0001 27.8% 
T 1104.60 2 552.30 100.72 3.885 <0.0001 63.3% 
C × T 88.32 2 44.16 8.05 3.885 0.006 5.1% 
Error 65.80 12 5.48    3.8% 
Total 1743.89 17     100.0% 

a
 at 95% confidence level 

 
Table 3.3. Statistical results based on the conventional leaching data for Al. C: NaOH 

concentration (0.25 and 0.50 mol/L); T: temperature (25, 50 and 80 ºC). 

Source SS df MS F Fcrit
 a p-value Contribution 

C 205.27 1 205.27 1327.00 4.747 <0.0001 59.6% 
T 70.28 2 35.14 227.18 3.885 <0.0001 20.4% 
C × T 67.25 2 33.63 217.39 3.885 <0.0001 19.5% 
Error 1.86 12 0.15    0.5% 
Total 344.66 17     100.0% 

a
 at 95% confidence level 
 

The concentration of Ni in the final solutions was always below the detection 

limits of AAS-FA, which means that its removal from the catalyst was not 

significant and did not reach values higher than 0.4%. These results were 

previously predicted by theoretical simulations (Figure 3.4-B) and are in perfect 

agreement with the purpose of using an alkaline leaching solution for removing 

Mo selectively. 

From the experimental results, it can be concluded that when conventional 

leaching with NaOH solution was used, the most selective situation was obtained 

when 0.25 mol/L was used at 80 ºC. 

 

3.2.4 Ultr[soun^-[ssist_^ l_[]hing 

The conventional method for catalyst leaching indicated that a NaOH solution 

of 0.25 mol/L resulted in a more selective extraction of Mo when compared to the 

Al concentration in the final solution; nonetheless, the maximum extraction was 

77% in 120 min. Ultrasound-assisted experiments were executed to determine if a 

different technique, considered to be environmental-friendly, can improve these 

results. 
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First, the comparison was performed using an ultrasonic bath. Two different 

NaOH concentrations were used and experiments had duration of 120 min without 

any external heating or agitation. In Figure 3.6, the results for conventional 

method and ultrasonic bath are presented. In the case of NaOH 0.25 mol/L, due to 

heating of the water in the ultrasonic bath caused by cavitation, with temperatures 

up to 40 ºC, the comparison was made with the results from both 25 and 50 ºC. 

The results obtained for Mo extraction in ultrasound-assisted leaching do not 

differ significantly (95% confidence) from the values achieved using thermostatic 

bath, whether the temperature was 25 or 50 ºC, with a value between these two 

situations. In the case of Al, the extent of its dissolution was lower. Ultrasonic 

baths are less efficient than probes when it comes to deliver energy to the sample, 

due to the existence of water and containers in the waves’ way. These results do 

not endorse ultrasound-assisted leaching using a bath as a promising alternative to 

traditional methods. 

 

Figure 3.6. Comparison of Mo and Al extraction from the catalyst, between conventional and 
ultrasonic bath (US), using two different NaOH concentrations. Each bar corresponds to the 

average of three replicates with respective standard deviations. 

 

As an alternative to the bath, an ultrasonic probe with a titanium microtip was 

used to directly apply ultrasonic waves to the solid-liquid system, constituted by 

the NaOH solution and the roasted catalyst. Two experimental factors were 

varied: pulse and amplitude. Due to the high frequency of the waves, the 
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temperature increased and was higher at greater amplitudes; this fact can change 

some physical characteristics of the liquid and affect ultrasonic transmission 

(Capelo-Martínez 2009). In pulse mode, the ultrasonic power in the probe is 

switched on and off, a strategy to avoid the build-up of bulk temperature. For 

example, when pulse was set at p0.5, this means that every 1 second the ultrasonic 

waves were applied for 0.5 sec. The use of a maximum of p0.5 was the only 

approach to avoid an extreme raise in temperature, as cooling systems require 

energy and the goal was to test new environmental-friendly techniques and to 

minimise energy requirements. Correspondingly, no external bath was used to test 

higher temperatures. The starting conditions were p0.1 and 20% of wave 

amplitude; subsequently, pulse and amplitude were augmented to 0.5 and 60% 

separately to assess the effects on metal extraction. The titanium probe with a 

microtip of 3 mm did not allow the use of amplitudes higher than 65% as the 

small diameter of the microtip itself increases the amplitude and intensity of 

ultrasonic waves. 

Figure 3.7 shows the results obtained for the different ultrasonic leaching 

conditions. It was found that, after 2 min of sonication, Mo extraction was 

significantly higher when pulse and amplitude were increased. When time of 

ultrasonic treatment was longer (5 min), values seemed to converge for the same 

leaching percentage; after 10 min, this fact was evident. Moreover, for p0.5 and 

20% of wave amplitude, the dissolution of Mo did not change between 5 and 10 

min, reaching a maximum of 66%; these results suggest that the reaction of Mo 

dissolution had reached equilibrium.  

From the ANOVA analysis (Table 3.4), it was concluded that the duration of 

sonication and pulse time had the most significant effects on Mo leaching. 

Significant contributions to the results were in the order of time > pulse > 

interaction between time and pulse > amplitude > interaction between the three 

factors. In the case of Al (data not shown), time was the most important factor that 

contributed to its dissolution, while pulse had a smaller but significant effect; the 

change in amplitude was almost insignificant. After 10 min, Al extraction was 

around 8% for all ultrasonic conditions tested. 
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Figure 3.7. Effect of pulse (p) and amplitude in Mo and Al extraction from spent Ni-Mo catalyst 
using ultrasonic-assisted leaching (probe, s/l = 50 g/L , NaOH 0.25 mol/L). Each point represents 

the average of three replicates; standard deviations were below 6% for Mo and 0.6% for Al. 

 

Table 3.4. Statistical results based on the ultrasound-assisted leaching data for Mo. t: time (2 and 5 
min); p: pulse (0.1 and 0.5 s); a: amplitude (20 and 60%). 

Source SS df MS F 
a p-value Contribution 

t 3030.94 1 3030.94 174.80 <0.0001 58.9% 
p 1279.66 1 1279.67 73.80 <0.0001 24.9% 

a 164.45  1 164.45 9.48 0.0072 3.2% 

t × p 220.36 1 220.36  12.71  0.0026  4.3% 
p × a 34.94 1 34.94 2.01 0.17 0.7% 

t ×  a 25.01 1 25.01  1.44  0.25 0.5% 

t × p × a 111.46  1 111.46  6.43  0.022 2.2% 
Error 277.44 16 17.34   5.4% 

Total 5144.26 23    100.0% 
a Fcrit = 4.494 at 95% confidence level 

 

Even though temperature control was not performed during the experiments, 

the final value was measured: temperature values around 60 ºC were reached, 

which means that working in pulse mode was not sufficient to avoid an abrupt 

temperature increase. As mentioned in Chapter 2 (section 2.4.1), temperature 

affects ultrasonic performance but, simultaneously, extraction is also enhanced by 

higher temperatures, as it was demonstrated by the conventional studies. After 10 

min of ultrasound-assisted leaching with p0.5 and 20% amplitude, the results (Mo 
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and Al extraction yield and Mo/Al selectivity) were similar to those obtained for 

conventional leaching at 25 ºC and ultrasonic bath, but this process was more than 

ten times faster; however, Mo extraction was below that reached in the 

conventional experiments at 80 ºC. In a similar way to what occurred in the 

previous conventional experiments, Ni was not removed from the catalyst. 

As a result of the high frequency that causes fissures in the solid surface, 

particle size was reduced. The initial uncrushed catalysts had an average length of 

4 to 5 mm and a maximum diameter of 1.4 mm; after sonication, the sample was 

mostly in powder form with some larger rounded particles with maximum length 

of 2 mm (Figure 3.8). Extreme conditions of pressure and temperature, caused by 

the cavitation phenomenon, and the larger area of contact between the solid and 

liquid explain the faster dissolution of metals when compared to the conventional 

experiments. 

 

 

Figure 3.8. Catalyst appearance after conventional and ultrasonic probe leaching. 

 

3.2.5 Mi]row[v_-[ssist_^ l_[]hing 

In this study, the efficiency of the microwave-assisted leaching was evaluated 

for the three different NaOH concentrations tested in conventional leaching 

(0.125, 0.25, 0.50 mol/L). The application of microwave heating was performed in 
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cycles of 30 s followed by a cooling step of 20 min to avoid excessive pressure 

and temperature inside the PTFE bombs. Microwave irradiation passes through 

PTFE, due to its transparency to the waves, to heat the liquid and sample inside. 

The leaching solution contains mainly water, which has high dielectric constant 

and high dielectric loss, making it a good absorber of microwave energy that 

allows the faster heating (Stuerga 2008). Because the dielectric heating is affected 

by higher temperatures, it is important to let the system cool down before the next 

cycle to optimise microwave energy. 

After 1 cycle, the differences between the three concentrations were evident 

(Figure 3.9) and results were similar to those obtained using conventional 

leaching at room temperature and 120 min of leaching time, except for the 

experiments where a solution of NaOH 0.50 mol/L was used, which led to higher 

Mo and Al extraction. After 2 and 4 cycles, the extraction profile varied according 

to NaOH concentration. When employing NaOH 0.125 mol/L, Mo and Al 

extractions stabilised after the first cycle and did not increase above 45 and 2.5%, 

respectively; these results provide evidence that equilibrium was reached and, 

thus, these were the maximum values attained under these experimental 

conditions (with a final pH of 10). Such results translated into a good selectivity 

with high Mo/Al ratio, but low Mo recovery from the catalyst. Regarding the 

NaOH 0.25 mol/L solution, 2 cycles allowed 79% Mo recovery, equivalent to the 

extraction accomplished at 80 ºC in the thermostatic bath experiments; with 4 

cycles, 89% of Mo was removed from the catalyst. This result was the highest 

value obtained in this work, using NaOH 0.25 mol/L solution as leachant. 

Furthermore, Al extraction remained unchanged after the first cycle, leading to a 

more selective Mo dissolution as the number of cycles increased. This fact can be 

explained by the progressive decrease in pH over the cycles (initial pH was 12 but 

after 1, 2 and 4 cycles, the pH was 11.8, 11.3 and 10.5, respectively). These lower 

pH values did not promote Al dissolution (Figure 3.4-C). As expected from the 

conventional leaching results, the circumstances where an hydroxide solution of 

0.50 mol/L was applied led to greater Mo and Al extraction (95 and 22%, 

respectively) when 4 cycles were used. In contrast to the previous situation, in this 

case the pH remained approximately constant (12.5) over the cycles, leading to a 

continuous increase in Al dissolution until equilibrium was reached. 
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Figure 3.9. Effect of NaOH concentration and number of cycles in Mo and Al extraction from 
spent Ni-Mo catalyst using microwave-assisted leaching (s/l = 50 g/L). Each point represents the 

average of three replicates; standard deviations were below 4% for Mo and 2% for Al. 

 

From ANOVA analysis, performed considering two factors (number of cycles 

and NaOH concentration) at three levels each, it can be concluded that the 

influence of the experimental parameters on Mo leaching (Table 3.5) followed the 

order: NaOH > number of cycles > interaction between both. For Al leaching 

(Table 3.6), the interaction between the two factors was more important than the 

number of cycles itself, while NaOH concentration was the most significant 

source of variation. 

 

Table 3.5. Statistical results based on the microwave-assisted leaching data for Mo. C: NaOH 
concentration (0.125, 0.25 and 0.50 mol/L); cy: number of cycles (1,2 and 4). 

Source SS df MS F Fcrit 
a p-value Contribution 

C 10942.8 2 5471.40 738.32 3.554 <0.0001 88.2% 

cy 1059.7 2 529.84 71.50 3.554 <0.0001 8.5% 
C × cy 272.7 4 68.17 9.20 2.928 0.0003 2.2% 

Error 133.4 18 7.41    1.1% 

Total 12408.6 26     100.0% 
a
 at 95% confidence level 
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Table 3.6. Statistical results based on the microwave-assisted leaching data for Al. C: NaOH 

concentration (0.125, 0.25 and 0.50 mol/L); cy: number of cycles (1,2 and 4). 

Source SS df MS F Fcrit 
a p-value Contribution 

C 1164.51 2 582.25 493.74 3.554 <0.0001 87.1% 

cy 39.17 2 19.59 16.61 3.554 <0.0001 2.9% 
C ×cy 112.57 4 28.14 23.86 2.928 <0.0001 8.4% 

Error 21.23 18 1.18    1.6% 

Total 1337.48 26     100.0% 
a
 at 95% confidence level 

 

 

Additionally, the variation in s/l was studied using NaOH 0.25 mol/L; results 

are shown in Figure 3.10. For s/l = 25 g/L, 94% of Mo was leached together with 

25% of Al; these results are analogous to those obtained when s/l = 50 g/L and 

NaOH 0.50 mol/L were tested. By varying s/l, the proportion of NaOH to the 

metals in the catalyst was varied, i.e. the same variable that was altered when 

NaOH concentration was varied. From these results, it is possible to conclude that 

a higher molar excess of NaOH led to an enhancement of Al dissolution, which 

compromises selective Mo leaching. On the other hand, similar Mo leaching 

yields were achieved when NaOH = 0.125 mol/L and s/l = 50 g/L or NaOH = 0.25 

mol/L and s/l = 100 g/L were tested, due to the lower availability of NaOH. 

 

 

Figure 3.10. Effect of s/l in Mo and Al extraction from spent Ni-Mo catalyst using microwave-
assisted leaching (NaOH 0.25 mol/L, 4 cycles). Each point represents the average of three 

replicates; standard deviations were below 5% for Mo and 2% for Al. 
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Experiments to determine if the use of crushed catalyst samples could affect 

microwave-assisted Mo extraction were executed and compared with uncrushed 

catalyst (Figure 3.11). After the first cycle, Mo leaching from the crushed samples 

was higher (80% with only 30 s of heating) than that obtained when uncrushed 

samples were used. After 2 or 4 cycles, Mo leaching continued to increase; with 4 

cycles, equivalent Mo extraction (89%) was reached for uncrushed or crushed 

samples under the same experimental conditions. In the case of Al, dissolution 

was higher after the first 30 s and decreased in the subsequent cycles, to a final 

value of 6%. Apparently, the reduced particle size promoted the leaching of Al in 

the initial alkaline solution; however, the decrease in pH over the cycles, due to 

the reaction of hydroxide ions with Mo oxide (Eq. 3.1), facilitated Al precipitation 

as hydroxide. The results show that, even though extraction was faster, the final 

values did not differ significantly between uncrushed and crushed samples. 

 

 

Figure 3.11. Comparison of Mo and Al extraction from uncrushed and crushed spent Ni-Mo 
catalyst using microwave-assisted leaching (s/l = 50 g/L , NaOH 0.25 mol/L). Each point 

represents the average of three replicates; standard deviations were below 3% for Mo and 0.8% for 
Al. 
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3.3 COMPARATIVE ANALYSIS - EFFICIENCY AND SELECTIVITY 

The results obtained when using NaOH 0.25 mol/L solutions are presented in 

Table 3.7. 

The use of an ultrasonic probe led to a significantly faster leaching of Mo from 

the catalyst, with efficiencies similar to the ones obtained at 25 ºC, with the 

thermostatic bath. However, there was no significant increase in Mo/Al selectivity 

when ultrasound-assisted leaching was used instead of conventional leaching, 

because no enhancement in Mo extraction occurred. 

Comparative analysis between the results after the application of 4 cycles of 

microwave heating with those obtained after leaching at 80 ºC with thermostatic 

bath indicate that the first promotes greater Mo extraction and selectivity. The 

final leachant solution had around 5.4 g/L of Mo and 0.9 g/L of Al. Higher 

temperature (which can be above 100 ºC after 30 s heating) and pressure present 

in the interior of PTFE vessel, due to the incidence of microwave radiation, 

improved Mo extraction using short processing times, which was not possible in 

the thermostatic bath. As a consequence, high Mo extraction (89%), associated 

with high Mo/Al selectivity, was achieved. 

Table 3.7. Comparison of Mo and Al extraction and selectivity (Mo/Al), between the three 
methods used (s/l = 50 g/L, NaOH 0.25 mol/L). Standard deviations were calculated based on the 

results of three independent experiments.  

Method Conditions Mo, % Al, % Mo/Al 

Conventional 
25 ºC, 120 min 63 ± 4 6.9 ± 0.3 3.8 

80 ºC, 120 min 77 ± 4 7.3 ± 0.8 4.3 

Ultrasound 
(p0.5, 20%) 

5 min 65 ± 2 8.2 ± 0.4 3.2 

10 min 66 ± 2 7.8 ± 0.2 3.4 

Microwave 
2 cycles 79 ± 2 6.7 ± 0.2 4.5 

4 cycles 89 ± 2 5.7 ± 0.3 6.0 
 

 

To evaluate the selective extraction of Mo and to compare results using 

different techniques, JMP® 8.0 statistical software was used. 

For each experimental condition, two responses were obtained: Mo and Al 

extraction.  Ni extraction was not considered as the respective percentages were 

negligible. For each response, an importance factor and desirability values were 
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attributed to control points. JMP® creates smooth functions with exponential tails 

and cubic middle to fit the inserted points and calculates desirability for 

experimental points, based on the desirability function and importance of each 

response. The parameters used for the desirability function are presented in Table 

3.8. 

Table 3.8. Parameters chosen to calculate desirability of the results in JMP®. 

 Mo Al 

Importance 0.80 0.20 

 % Desirab. % Desirab. 

Low 30 0.01 0 0.99 

Middle 50 0.30 20 0.20 

High 100 0.99 100 0.01 

 

 

The choice of the importance factor was made taking into account that the 

main goal of the alkaline leaching was to extract Mo from the catalyst and Al 

removal was less important. 

Desirability values were selected in order to meet the following criteria: 

- Maximisation function for Mo extraction, to valorise high dissolution 

and penalise lower recoveries even when some Mo is solubilised: 

values below 30% have null desirability. 

- Minimisation function for Al extraction, where maximum desirability is 

attained when no removal occurs, because solubilisation of Al is 

unwanted. Due to the high content of Al present in the catalyst, even 

low percentages represent significant quantities of Al in the final 

solution; therefore, higher extractions were more penalised. 

 

The closest the desirability values were to 1, the more efficient and selective 

was the extraction of Mo, considering the parameters defined in Table 3.8. The 

best results obtained after conventional and microwave-assisted method were 

analysed and results are presented in Table 3.9. 
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Table 3.9. Calculated desirability for experiments performed using conventional and microwave 
method. 

Method 
NaOH, 

mol/L 

T,ºC /No. 

of cycles 
Mo, % Al, % Desirability 

Conventional 
(120 min) 

0.25 25 63 6.9 0.514 
0.25 50 72 6.1 0.624 
0.25 80 77 7.3 0.668 
0.50 25 68 9.5 0.547 
0.50 50 83 13.1 0.655 
0.50 80 92 18.7 0.662 

Microwave 

0.25 1 64 6.3 0.530 
0.25 2 74 6.7 0.641 
0.25 4 89 5.7 0.815 

0.50 1 82 13 0.647 
0.50 2 93 18.3 0.674 
0.50 4 95 22 0.673 

 

 

The desirability value increased with temperature and number of cycles in the 

experiments using conventional and microwave method, respectively. As these 

parameters increase, Mo extraction increases with a less significant augment of Al 

co-extraction. In the case of microwave leaching using 0.50 mol/L of NaOH 

solution, desirability decreases when the number of cycles changes from 2 to 4, 

because Al extraction increases more than Mo extraction. From the values present 

in Table 3.9, it is possible to conclude that although a higher concentration of 

NaOH leads to more efficient results, the situation where 0.25 mol/L was used in 

the microwave (4 cycles) had the best desirability. 

 

3.4 CONCLUSIONS 

Spent HDS catalysts from petroleum refineries, mostly constituted by Al, Mo 

and Ni, are classified as hazardous wastes and disposal is restricted by 

environmental regulations; thus, the recovery of valuable metals is the most 

attractive option in the processing of these residues. 

In this chapter, selective Mo leaching from spent HDS Ni-Mo catalyst, roasted 

at 500 ºC, was studied using three different approaches: conventional, ultrasound- 

and microwave-assisted methods. NaOH solution was chosen as the leachant, 
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because Mo dissolves selectively over Ni in alkaline medium and conditions may 

be optimised to minimise Al co-extraction. 

Experiments performed in the thermostatic bath, at 80 ºC, showed a maximum 

recovery of 92% of Mo after 120 min, using NaOH solution of 0.50 mol/L; 

however, a concentration of 0.25 mol/L led to a more selective extraction of Mo 

due to reduced Al dissolution. 

The application of ultrasound through a bath did not show any advantages over 

the conventional method. The use of a probe resulted in faster dissolution of Mo, 

but the maximum extraction achieved after 10 min, with a NaOH solution of 0.25 

mol/L, was 66%, with an amplitude of 20% and pulse time of 0.5 s. For shorter 

processing times and different ultrasound parameters, the results show that Mo 

dissolution stabilised around this value. 

The microwave-assisted method, using NaOH 0.25 mol/L, allowed a more 

selective leaching than the conventional process (89 and 5.7% of Mo and Al were 

extracted, respectively). This high selectivity was a consequence of the high 

pressure, which increased the leaching of Mo, and the decrease in Al leaching due 

to decrease in pH. Furthermore, the use of microwave energy reduced the time 

during which external power was used to promote metal extraction, since, in the 

case of the performed experiments, 4 heating cycles were applied, corresponding 

to 2 min of microwave irradiation. 

A microwave-assisted leaching technique at laboratory scale proved to be an 

efficient method to accomplish selective Mo extraction from spent HDS catalysts. 
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Alkaline leaching of Mo from spent Ni-Mo HDS catalysts, addressed in 

Chapter 3, results in a solution that mainly contains Mo and Al. 

In this chapter, the separation of Al and recovery of Mo was studied, keeping 

as goals simple and inexpensive approaches with minimisation of environmental 

impact. For that reason, the process was based on precipitation methods with the 

recovery of Mo as insoluble zinc, strontium or lead molybdate. 

Methods for producing zinc, strontium or lead molybdate from aqueous 

solution usually start from a synthetic solution of sodium molybdate or molybdic 

acid followed by the addition of a solution of the respective salt. In the present 

work, the process of obtaining such salts from a secondary resource is considered. 

 

This chapter is based on the published paper: Pinto ISS and Soares HMVM 

(2013). Recovery of molybdates from an alkaline leachate of spent 

hydrodesulphurisation catalyst - proposal of a nearly-closed process. Journal of 

Cleaner Production, 52, 481-487. 
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4.1 APPLICATIONS OF ZINC, STRONTIUM AND LEAD MOLYBDATES 

Among the possible applications of Mo compounds, there are oxidation 

catalysis, lubrication, advanced structural and heating materials, anticorrosion 

agents, coatings, paints and pigments, flame and smoke retardants and 

pyrotechnics (Braithwaite and Haber 1994). 

Zinc and strontium molybdates are slightly soluble Mo salts that may be used 

in paints and coatings to act as corrosion inhibiting pigments. The use of lead 

molybdate in paints is known and major chemical industries sell pigments that 

consist of mixed crystals of lead chromate, sulphate and molybdate (Sebenik et al. 

2000, Stiefel 2000). Molybdate based pigments are usually prepared by 

precipitating the compound on a less expensive core material; they can replace 

chromium based pigments with the advantage of having lower toxicity. The 

possibility of using zinc molybdate as an anti-bacterial agent has also been 

proposed. Due to its luminescence properties, strontium molybdate may be 

applied in optical devices and lasers (Mao et al. 2010, Sebenik et al. 2000). Recent 

investigations, focused on the morphological and luminescence characteristics of 

strontium molybdate, have shown a great interest in finding low-cost and 

convenient methods of its synthesis (Sczancoski et al. 2008). The use of lead 

molybdate in paints is limited because of its toxicity, however, new applications 

for this compound, namely in acoustic and optical devices (Anandakumar and 

Khadar 2008) and photocatalysis (Hernandez-Uresti et al. 2012), have been 

studied in recent years. 

 

4.2 EXPERIMENTAL 

4.2.1 L_[]hing solution 

The aqueous solution, used to study metals recovery, was obtained by alkaline 

leaching of a spent Ni-Mo HDS catalyst, optimised in Chapter 3. Briefly, the 

catalyst (30% Al, 12.1% Mo and 2.6% Ni) was roasted (500 ºC for 90 min, in air), 

leached with NaOH solution of 0.25 mol/L, s/l= 50 g/L, using PTFE bombs (23 

mL) and a domestic microwave oven (800 W, 2.45 GHz). The system was heated 

for 30 s, removed from the microwave and allowed to cool at room temperature. 
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This procedure was repeated three more times. After 4 cycles, the solid and liquid 

phases were separated by filtration and the leachate was used to perform the 

precipitation studies. 

 

4.2.2 @luminium pr_]ipit[tion 

To separate Al from the leaching solution, the pH was lowered using 

concentrated HNO3 p.a.; the solid was separated by centrifugation (2500 g, 10 

min) and dried at 105 ºC until a constant weight was achieved. Rigorous amounts 

(~ 150 mg) of the solid were dissolved in 10% HNO3 and the volume was made 

up to 50 mL. Concentrations of Al and Mo present in the supernatant and 

dissolved solid were determined by AAS-FA with a PerkinElmer AAnalyst 400 

spectrometer using a nitrous oxide flame; concentration of sodium was quantified 

in the same samples by emission atomic spectroscopy (EAS) using an air-

acetylene flame and the same spectrometer. The precipitation step was done in 

triplicate and, for each replicate, three solid samples were dissolved and analysed; 

mass balances were confirmed for each element. To wash the solid, a NaOH 

solution was prepared and mixed with the solid by agitation during 30 min; then, 

the solid was centrifuged, separated and analysed as described above. 

 

4.2.3 Moly\^_num pr_]ipit[tion 

After the removal of Al, the recovery of Mo, as zinc, strontium or lead 

molybdate, was accomplished by the addition of solid ZnCl2 (> 98%), Sr(NO3)2 (≥ 

99%) or Pb(NO3)2 (> 98%) to the supernatant in a [M]/[Mo] molar ratio of 1 (M = 

Zn, Sr or Pb). Experiments were carried out in triplicate using glass centrifuge 

tubes, in an agitated thermostatic bath at the desired temperature and under 

continuous stirring for 1 h. In the case of zinc molybdate, precipitation was 

studied at 80 ºC (Kerfoot 1979). For strontium molybdate precipitation, two 

temperatures (25 and 50 ºC) were tested; lead molybdate precipitation occurred at 

25 ºC. Adjustments to the pH were made with HNO3 or NaOH. Then, the mixture 

was centrifuged at 2500 g for 10 min to separate the liquid from the solid, which 

was subsequently dried at 105 ºC, until constant weight was achieved. 
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For further analysis, solid samples were dissolved in aqua-regia and the volume 

was completed up to 50 mL. Al, Mo, Zn, Sr and Pb in solution were determined 

by AAS-FA and Na by EAS. A nitrous oxide-acetylene flame was used for Al, 

Mo and Sr and an air-acetylene flame for Zn, Pb and Na. Sr greatly affects the Mo 

signal; so, to reduce interferences, 1% of sodium sulphate was added to samples 

and standard solutions. In order to confirm mass balance equations and to ensure 

that all values were in agreement, metal contents were determined in the initial 

solutions, solids and supernatants. 

 

4.2.4 Ch[r[]t_ris[tion of th_ soli^s 

The crystalline structure of the dried solids (zinc, strontium or lead molybdate) 

was characterised by X-ray powder diffraction (XRD) with a Philips X'Pert X-ray 

diffractometer using Cu Kα radiation under operating conditions of 40 mA and 45 

kV with a step size of 0.04 degrees and a scan step time of 30 s. 

 

4.3  RESULTS AND DISCUSSION 

4.3.1 @luminium pr_]ipit[tion 

Alkaline leaching of spent Ni-Mo HDS catalyst using a microwave-assisted 

technique resulted in selective dissolution of Mo over Ni. However, Al was 

partially dissolved (6%) because, during leaching, part of the alumina present in 

the catalyst reacted with hydroxide ions to form the anion Al(OH)4
-. After 

leaching, the solution contained 5.6 ×10-2 mol/L of Mo (5.4 g/L) and 3.3 ×10-2 

mol/L of Al (0.89 g/L); final pH of the solution was 10.6. The simplest and 

cheapest method to separate Al from the alkaline solution is through precipitation 

by lowering the pH. 

 

Chemical computer simulation using MINEQL+ was performed, as described 

in Chapter 3 (section 3.1.2), assuming the total concentrations of Al and Mo 

present in the alkaline leaching solution. The results (Figure 4.1) suggest that by 

slightly lowering the pH, Al would precipitate as aluminium hydroxide, Al(OH)3 

(dashed line). 
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Figure 4.1. Species distribution diagram of aqueous system containing Al and Mo, assuming the 
total concentrations of metals present in an alkaline leaching solution (5.6 ×10-2 mol/L of Mo and 

3.3 ×10-2 mol/L of Al). 

 
Figure 4.1 also shows that at pH 8, Al should be totally precipitated; however, 

for pH values ≤ 7, when an excess of hydrogen ions are present, an aqueous 

complex between Al and Mo began to form according to the following chemical 

reaction (Martell and Smith 2004): 

 

6 MoO4
2- (aq) + Al3+ (aq) + 6 H+ (aq) ⇄ AlMo6O21

3- (aq) + 3 H2O (l) (4.1) 

 

Thus, in order to maximise Al precipitation, the computer simulation shows 

that pH must be lowered to values between 7 and 8. 

In this pH interval, experiments showed an Al removal of (99.2 ± 0.9)%. For 

experiments, where the pH was lowered to 6, the yield of Al precipitation 

decreased to 85%, which supports the prediction of the formation of a soluble 

complex between Al and Mo (Figure 4.1) at this pH. 

Besides the almost total precipitation of Al, it is important to point out that up 

to 17% of Mo was also removed from the aqueous solution by co-precipitation 

with Al(OH)3. Such occurrence is disadvantageous, since the main goal of the 

recycling process of the spent catalyst is to recover valuable metals. To avoid the 

significant loss of Mo and to increase Al(OH)3 purity, the precipitate can be 

washed with NaOH solution. This procedure can be included in the process by 
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two alternative approaches: add a new step to wash the solid with a fresh NaOH 

solution or incorporate the precipitate in the leaching step of the catalyst as the 

content of Mo and Al present in the solid of Al(OH)3 (16% Mo, 19% Al) is similar 

to that in the roasted catalyst (Chapter 3, Table 3.1). To observe the extent of 

redissolution of Mo from the precipitate, a fresh solution of NaOH at pH 9 was 

used to wash the solid, by agitating the mixture for 30 min. After washing, 

separating and drying the solid, the calculated weight loss was 30%, while 73% of 

the total Mo present was redissolved. This amount corresponded to 12% of the 

total Mo present in the initial leaching solution. Such procedure allowed reducing 

the loss of Mo from 17 to 5%. The solution containing Mo, which was washed 

from the solid, can be added to the solution resultant from the precipitation of Al 

for further recovery of Mo. During the washing stage of Al(OH)3, Al remained 

entirely in the solid phase; 31% of the solid corresponded to Al, with Mo and Na 

as main impurities. If needed, additional washing stages can be performed in order 

to produce a solid of Al with higher purity. 

 

4.3.2 Moly\^_num pr_]ipit[tion  

After removing the Al present in the leaching solution, the goal of this study 

was to evaluate the possibility of recovering Mo as a solid of zinc, strontium or 

lead molybdate, with high yield and purity, from the real leachate of spent Ni-Mo 

catalyst. 

 

 COMPUTER SIMULATIONS 4.3.2.1

With the purpose of predicting the behaviour of M-Mo aqueous systems 

(where M is Zn, Sr or Pb) and optimizing the pH conditions for which maximum 

Mo recovery is expected, chemical computer simulations were performed using 

MINEQL+ (Figure 4.2). Since the aim was to efficiently recover Mo from the 

leachate without contaminating the new solution with a new metal that would 

require another separation step, the [M]/[Mo] molar concentration ratio used was 

1 for all systems; ideally, both metals (M and Mo) should precipitate completely. 
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The formation of solids of molybdate from aqueous metals was included in the 

model according to the following equations and respective constants of formation 

(Martell and Smith 2004, Reddy et al. 1990). 

 

MoO4
2- (aq) + Zn2+ (aq) ⇄   ZnMoO4 (s) log K = 4.48  (4.2) 

MoO4
2- (aq) + Sr2+ (aq)  ⇄  SrMoO4 (s) log K = 9.53 (4.3) 

MoO4
2- (aq) + Pb2+ (aq)  ⇄  PbMoO4 (s) log K = 15.62  (4.4) 

 

In a solution containing Zn2+ and MoO4
2- in a proportion of 1:1 (Figure 4.2-A), 

about 90% of Mo would be in the form of solid molybdate between pH 5.5 and 7. 

The analysis of Figure 4.2-B suggests that when Sr2+ is added to an aqueous 

solution with molybdate, the solid SrMoO4 is, theoretically, the only species 

expected to be formed in the pH interval from 2.5 to 14; thus, a large amount of 

SrMoO4 should precipitate due to its low solubility. On the other hand, for an 

aqueous solution containing MoO4
2- and Pb2+ ions, the species distribution 

diagram (Figure 4.2-C) predicts that the precipitate of PbMoO4 is the only species 

present up to pH 12. Additionally, the graphic of the logarithm of free molybdate 

concentration, as a function of pH (Figure 4.3) predicts that for the MoO4
2- and 

Pb2+ system, the amount of free molybdate (in the pH range between 4 and 7) is 

three orders of magnitude lower than for the MoO4
2- and Sr2+ system (in the pH 

range between 5 and 12). In the case of the MoO4
2- and Zn2+ system, the solid of 

molybdate is present in a narrower pH range, in agreement with Figure 4.2-A, and 

with a lower insolubility that can affect the recovery of Mo from solution. 
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Figure 4.2. Mo species distribution diagrams of aqueous system containing Mo and metal (M), 
assuming a total concentration of 5.0 ×10-2 mol/L for both metals ([M]/[Mo] = 1). A. M = Zn;  B. 

M = Sr; C. M = Pb 
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Figure 4.3. log[MoO4
2-] vs. pH considering an aqueous system containing Mo and metal (M = Zn, 

Sr or Pb), assuming a total concentration of 5.0 ×10-2 mol/L for both metals ([M]/[Mo] = 1). 

 

 ZINC MOLYBDATE PRECIPITATION 4.3.2.2

Zinc precipitation was studied at 80 ºC, as suggested by Kerfoot (1979), in a 

thermostatic bath for 1 h. Firstly, the pH value of the solution after separation of 

solid Al, between 7 and 8, was maintained. A visible white precipitate was formed 

and separated and the final pH of the remaining solution was 4.8; recovery of Mo 

reached 72% (Table 4.1). Considering, the computer simulation (Figure 4.2-A), 

zinc molybdate starts to solubilise and decomposes into Zn2+ and MoO4
2- at pH 

below 5.6 and, for pH 4.8, the Mo in the solid state corresponds to 64%, which is 

in agreement with the experimental results. In order to increase Mo recovery, pH 

was controlled during the experiment by adding NaOH, to obtain a value between 
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species distribution diagram (Figure 4.2-A). Zn was almost completely removed 

(98%) and analysis by AAS-FA and EAS of the precipitate revealed the following 

composition: 40 wt.% of Mo, 33 wt.% of Zn, 2.2 wt. % of Na. Such constitution 
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XRD analysis (Figure 4.4) of the solid indicates that the dominant crystalline 

phase present is not pure ZnMoO4, but rather a hydrated form of sodium zinc 

molybdate. Complex compositions of solid zinc molybdate can be formed during 

its precipitations in aqueous solutions, unlike the synthesis from oxides at high 

-8

-7

-6

-5

-4

-3

-2

-1

0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

lo
g 

[M
oO

42-
]

pH

Sr

Pb

Zn



4. R_]ov_ry of moly\^[t_s 

 

82 

temperatures that produces α-ZnMoO4 (Zhang et al. 2010). The presence of peaks 

correspondent to different crystalline phases and stoichiometries of zinc 

molybdate indicates that the solid does not contain a pure crystalline phase. 

 

 

Figure 4.4. X-ray diffraction pattern (Cu Kα radiation) of the solid recovered from 
the Zn-Mo solution, at pH 6.8, 80 ºC and 1 h. 

 

 STRONTIUM MOLYBDATE PRECIPITATION 4.3.2.3

After the previous separation of Al, as Al(OH)3, solid strontium nitrate was 

added to the supernatant to make a [Sr]/[Mo] ratio of 1. The system was agitated 

for 1 h, at 25 or 50 ºC, to observe if temperature influenced the recovery of the 

solid (Cameirao et al. 2008). After precipitation of the solid, final pH of the 
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similar for both temperatures (Table 4.1). After dissolution of SrMoO4 in aqua-

regia, analysis of the solution evidenced similar composition of the solid for both 
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could be indexed to SrMoO4 with a tetragonal crystal structure; the calculated 

lattice constants were a = 5.384 Å and c = 12.023 Å, which are in agreement with 

ICDD (International Centre for Diffraction Data) file no. 04-014-7428. A high 

purity product was obtained since no other peaks associated with other phases or 

components, such as nitrates or sulphates, were detected. This conclusion is in 

agreement with the final purity, checked by AAS. 

Due to its luminescent properties, new possible applications of SrMoO4 require 

specific crystalline structures and different morphologies; thus, the process of 

precipitation of SrMoO4 from the leaching solution of spent catalysts can be 

adapted to meet these requirements For example, this method can be 

complemented with ultrasonic irradiation, different temperatures, pH conditions 

or stirring rates or by adding a surfactant (Cameirao et al. 2008, Mao et al. 2010). 

 

Table 4.1. Experimental conditions and results for the precipitation of zinc, strontium and lead 
molybdates.  

 

Metal (M) Zn Sr Pb 

[M]/[Mo] in the 
initial solution 1.16 1.19 1.02 1.01 0.86 1.20 

Temperature, ºC 80 80 25 50 25 25 

Initial pH 7.1 7.0 7.9 8.0 5.9 5.9 

Final pH 4.8 6.8a 6.9 6.6 4.9 2.4 

Mo recovery, %b 72 ± 4 90 ± 3 96 ± 2 95 ± 2 88 ± 2 99.8 ± 0.2 

M/Mo solid 1.06 1.20 0.96 1.04 0.95 1.12 

[Mo] final solution, 
mg/L 1.43 ×103 563 175 202 667 4.1 

[M] final solution,  
mg/L 2.42 ×103 38 192 223 < 0.5 1.32 ×103 

a pH controlled during the experiment by addition of NaOH. 
b Experiments were performed in triplicate and average of Mo recovery, with respective standard 
deviation, is presented.  
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Figure 4.5. X-ray diffraction pattern (Cu Kα radiation) of the solid recovered from the Sr-Mo 
solution. Precipitation at A: 25 ºC; B: 50 ºC. All peaks match SrMoO4 reference peaks. 

 

  LEAD MOLYBDATE PRECIPITATION 4.3.2.4

Figure 4.3 demonstrates that lead molybdate is much more insoluble than zinc 

and strontium molybdates. This property can be an advantage since higher 

recovery of molybdate can be achieved. However, Pb itself tends to precipitate at 

pH values above 6 - 7, as lead hydroxide. Although the formation of PbMoO4 

prevails over Pb(OH)2, the addition of a molar excess of Pb can contaminate the 

resulting solid. To prevent this, and unlike the situation where Zn and Sr were 

used, the pH of the initial solution was lowered to 6 through the addition of 

HNO3. Two situations were tested: the addition of Pb (as solid lead nitrate) in 

excess and in deficit. By adding a molar quantity of Pb lower than that of Mo 

present in the solution, over 99.9% of Pb and 88% of Mo were precipitated. As 

the initial amount of Pb added was actually 86% of the total amount of Mo, these 

results corroborate the reaction represented by Eq. (4.4), where Pb and Mo 

precipitate in a 1:1 ratio. The obtained solid contained 26.1 wt.% Mo, 53.7 wt.% 

Pb and 2.5 wt.% Na, which is in agreement with the structure of PbMoO4. The Na 

content can be reduced (0.3%) by washing the solid with deionised water, without 

any loss of the other components. 

On the other hand, when Pb was added in excess, the recovery of Mo, as a 

solid of PbMoO4, was 99.8%, while about 13% of Pb remained in aqueous 
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solution. The composition of the solid was 25.1 wt.%  Mo, 61.0 wt.% Pb and 0.2 

wt.% Na. In this case, the percentage of Pb in the solid was higher, which was 

accompanied with a higher Pb/Mo ratio in the solid. During the experiment, the 

pH decreased attaining a final value of 2.4. At such pH value, the formation of 

solid Pb(OH)2 is not predicted and the results of powder XRD (Figure 4.6) 

confirmed that all peaks matched the PbMoO4 reference; thus, no contamination 

due to lead hydroxide occurred and a solid of lead molybdate with high purity was 

obtained. Crystalline phases of nitrates or sulphates were not detected. For both 

products, the diffraction peaks (Figure 4.6) could be indexed to a tetragonal 

crystal structure with lattice constants of a = 5.42 Å and c = 12.10 Å, which are in 

agreement with ICDD file no. 01-089-8706. This result is also in good agreement 

with the final purity determined by AAS, which was (99.5 ± 0.5)%; no Al was 

detected in the product. 

The precipitation conditions can be modified and/or optimised (e.g. 

temperature, ultrasonication, etc.) if a specific particle size and morphology are 

required for a particular application, such as acoustic and optical devices, 

photoluminescent materials or lasers (Dong and Wu 2008, Phuruangrat et al. 

2010, Sczancoski et al. 2009). 

 

Figure 4.6. X-ray diffraction pattern (Cu Kα radiation) of the solid recovered from the Pb-Mo 
solution at 25 ºC. Initial excess of A: Mo; B: Pb. All peaks match PbMoO4 reference peaks. 
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4.3.3 D_stin[tion of th_ fin[l solution 

Three options have been studied to recover Mo from the alkaline solution 

obtained after leaching a spent Ni-Mo HDS catalyst. The addition of Zn did not 

produce a recovery as high as the other situations, required the use of a higher 

temperature and resulted in a solid with a mixed crystalline structure. Both 

precipitation of strontium and lead molybdates led to high recoveries and the 

products had the desired chemical composition (Figure 4.5 and Figure 4.6, 

respectively) with high purity. However, the final solution, which remained after 

molybdate recovery, still has metal ions present. The possible destinations 

(discharge to the environment, recycling, treatment) of the final solutions from 

these two situations were assessed, considering several potential situations. 

 

 FROM STRONTIUM MOLYBDATE PRECIPITATION 4.3.3.1

In the case of SrMoO4 production, the final solution had about 200 mg/L of 

each metal and pH close to neutrality. Final concentrations may vary, depending 

on the quantity of Sr salt added: a Sr/Mo molar ratio higher or lower than 1 will 

be obtained whether Sr is initially added in slight excess or deficit, respectively. 

To reduce the quantity of solution to be discharged, the recycling of this 

solution was considered, by reusing it in the alkaline microwave-assisted leaching 

process initially implemented to recover Mo from the spent catalyst. To evaluate 

this possibility, the leaching step, described in Chapter 3 and briefly mentioned in 

the experimental section (section 4.2.1), was performed using the solution that 

remained after recovering molybdate. This solution, containing about 200 mg/L of 

both Mo and Sr (Table 4.1), was used after a purge (to avoid accumulation of 

NaNO3 and other possible impurities) and correction of the hydroxide 

concentration up to 0.25 mol/L.  If a small quantity of strontium hydroxide forms 

due to the increase in pH, which was not observed experimentally, it must be 

separated before the leaching step, and can be introduced as a strontium source in 

the molybdate precipitation step. Using this solution, the value of Mo extraction 

from the Ni-Mo catalyst was 88% ± 3, which is in good agreement with the 

recovery obtained when a fresh NaOH solution was used (89%). Such result 
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demonstrates the viability of recycling the final solution and reusing it in the 

leaching step of the spent catalyst. 

Specific legislation was not found regarding the concentration of Mo and Sr in 

discharge effluents from industry; however, the presence of high concentrations of 

Mo in aquatic resources can constitute a problem due to its harmful effects on 

living organisms (Swinkels et al. 2004). If needed, the concentration of Sr and Mo 

in the purge can be reduced, through additional treatment before discharge 

(Afkhami and Norooz-Asl 2009, Ahmadpour et al. 2010). 

 

 FROM LEAD MOLYBDATE PRECIPITATION 4.3.3.2

As it was shown experimentally, a solid of PbMoO4 with a Pb/Mo 

stoichiometry close to 1 can be produced with a very high recovery of Mo 

(99.8%). Ideally, an exact molar quantity of Pb should be added for almost total 

precipitation of Pb and Mo due to the very low solubility of the solid formed. This 

would lead to a final aqueous solution with low concentration of both metals that 

could be directly discharged. An initial M/Mo molar ratio of exactly 1 is not 

suitable for an industrial process and, unlike Sr, Pb is very toxic and problematic 

in the environment. Therefore, the two situations tested (excess or deficit addition 

of Pb relative to Mo) are discussed. 

When an initial excess of Mo (Pb/Mo molar ratio < 1) was used, the final 

concentration of Pb was below the legal limit value for wastewater industrial 

discharge, usually between 0.6 and 1.0 mg/L, depending on the type of industry 

and country (Decreto-lei 236/98 , US EPA 1984) . The remaining Mo solution can 

be recycled into the leaching process or the precipitation step or otherwise sent to 

discharge, depending on the final concentration. 

If a higher quantity of Pb (Pb/Mo molar ratio > 1) is chosen to increase the 

recovery of Mo, the final solution may have a high concentration of Pb, which 

depends of the initial quantity of Pb added. The majority of the metal can be 

precipitated, using caustic soda or lime, which simultaneously increases the pH of 

the solution to a more neutral value, and can be reintroduced into the process as a 

lead source. 
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4.4 PROPOSAL OF TREATMENT PROCESS TO RECOVER MO FROM 

SPENT CATALYST 

A process for the treatment of HDS catalysts and production of strontium or 

lead molybdate is suggested in Figure 4.7 and is based on the work presented in 

Chapters 3 and 4. 

The first phase of the proposed treatment consists on the alkaline leaching of 

Mo from the spent catalyst; this work was described in Chapter 3 and is delimited 

by the dashed line. The main variable costs of this stage depend on base 

consumption and energy spent to promote leaching. 

 The second segment of the proposed process consists of Mo recovery from the 

alkaline leaching solution. Since some Al was leached together with Mo, a 

previous Al separation step was implemented using precipitation as Al(OH)3 at 

pH 8, followed by a washing step of the precipitate (with NaOH solution at pH 9) 

for leaching and recovering Mo that co-precipitated with Al(OH)3.  

Then a Sr or Pb salt (e.g. nitrate) can be added to the Mo solution, at 25 ºC, and 

SrMoO4 with a purity of 99% or PbMoO4 with a purity of 99.5% can be 

recovered, respectively. The destination of the final solution can be adapted to the 

situation, as discussed in section 4.3.3. The stages are based on precipitation 

operations that occur at room temperature, which makes it a simple and viable 

process for scale-up. The main variable costs come from reagents, especially acid 

consumption to lower the pH from leaching and the strontium or lead salt to be 

added.  

The maximum global recovery of Mo from the roasted spent catalyst was 81%, 

when precipitation with Sr was performed, and 85% with Pb. 
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Figure 4.7. Flow sheet proposed for the selective recovery of Mo, as strontium or lead molybdate, 
from the spent HDS. Stages delimited by the dashed line were studied in Chapter 3.  

 

4.5 CONCLUSIONS 

Alkaline leaching of spent Ni-Mo HDS catalyst, in order to recover valuable 

metals, resulted in a solution that contained mainly Mo and Al. The separation of 

Al from the solution and subsequent recovery of Mo was studied with the goal of 

keeping it effective, low-cost and environmental-friendly. 

Al was separated from the rich Mo solution by precipitation at pH 8, at room 

temperature, and 99.2% was removed; however, 17% of Mo were also detected in 

the solid phase. Washing of the solid at pH 9 allowed to partially redissolve Mo 

and total loss decreased to 5%. 

Recovery of Mo was studied as precipitation in the form of zinc, strontium or 

lead molybdate. Precipitation of zinc molybdate allowed a recovery of 90% of Mo 

at 80 ºC and pH 6.8. However, the obtained solid is a sodium zinc molybdate 

hydrated salt with mixed crystalline and stoichiometric forms.  Alternatively, 
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strontium molybdate was produced with high purity (99%) as tetragonal SrMoO4 

and recovery of Mo from solution reached 96% at 25 ºC and pH 7. Precipitation 

with Pb at 25 ºC resulted in a maximum recovery of 99.8% of Mo, as tetragonal 

PbMoO4, with a purity of 99.5%. 

Finally, the destination of the final solution (for Sr and Pb approaches) was 

discussed and a flow sheet considering the production of strontium/lead 

molybdate was proposed. 

The high global yield (81-85%) of Mo recycled from the spent HDS catalyst, 

together with the high purity (99-99.5%) of the solid of strontium or lead 

molybdate recovered using a low-cost and nearly-closed process, seem to be 

advantageous for the production of these compounds with promising applications 

in science and engineering. 
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5.  L_[]hing of ni]k_l from 

sp_nt Ni-Mo ][t[lyst 

 

 

 

 

 

 

 

 

 

After the alkaline leaching addressed in Chapter 3 to remove Mo from the 

spent Ni-Mo catalyst, remaining catalyst contains Al, Ni and the residual Mo. In 

this chapter, the object of study is a second leaching stage to remove Ni, 

preferably in a selective way to avoid further complex processes of separation. 

As seen in Chapter 2, section 2.3, mineral acids effectively solubilise metals 

from spent catalysts; however, organic acids, due to complexation properties, can 

be advantageous in terms of selectivity. In order to evaluate selective extraction of 

Ni from Al and Mo, ethylenediaminetetracetic acid (EDTA) and nitrilotriacetic 

acid (NTA) leaching were compared with the H2SO4 performance. Both 

conventional and microwave heating approaches were tested, leaving behind the 

ultrasonic-assisted leaching that did not show promising results in Chapter 3. 

 

This chapter is based on the published paper: Pinto ISS and Soares HMVM 

(2013). Microwave-assisted selective leaching of nickel from spent 

hydrodesulphurisation catalyst: A comparative study between sulphuric and 

organic acids. Hydrometallurgy, 140, 20-27. 
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5.1 EXPERIMENTAL 

5.1.1 Pr_p[r[tion [n^ ]h[r[]t_ris[tion of th_ ][t[lyst 

Spent Ni-Mo HDS catalyst was roasted and leached with NaOH using 

microwave-assisted technique, optimised in Chapter 3, to dissolve Mo selectively.  

Briefly, catalyst was roasted (500 ºC, 90 min) and leached, using microwave-

assisted method (NaOH 0.25 mol/L, s/l = 50 g/L, 4 heating cycles). The catalyst 

was separated from the leachate by filtration, dried at 105 ºC for 12 h, to 

standardise the weight. After drying, samples were taken and digested in aqua-

regia using microwave. Metal concentrations were determined by AAS-FA. The 

remaining catalyst was used to perform the experiments. 

 

5.1.2 L_[]hing stu^i_s 

H2SO4 (solution, 96%), Na2EDTA·2H2O (>99%) and Na3NTA (>98%) were 

used to prepare various aqueous solutions. 

Experiments using an agitated thermostatic bath were tested to evaluate the 

advantages of microwave-assisted leaching. The catalyst was used in the 

uncrushed form, unless otherwise mentioned, and s/l was maintained at 50 g/L. 

Time and concentration were varied while temperature was kept constant at 80 ºC, 

for H2SO4 solution, or 90 ºC for EDTA. 

Microwave-assisted leaching was performed by heating PTFE bombs of 23 mL 

(Chapter 3, Figure 3.2) containing 0.25 g of uncrushed catalyst (unless otherwise 

mentioned) and the leaching solution, at a constant s/l of 50 g/L. The bombs were 

heated separately and placed in the centre of the oven. Each heating cycle 

consisted on microwave heating (800 W, 2.45 GHz) for 30 or 60 s, to avoid 

extreme temperature and pressure inside the vessels, followed by cooling at room 

temperature for 20 min. 

Initial pH of the leaching solutions of the chelating agents was varied by 

addition of HNO3 or NaOH. Different concentrations and number of cycles were 

studied for EDTA, NTA and H2SO4 microwave-assisted leaching. 

After leaching experiments, the solutions were filtered and analysed by AAS-

FA to determine metal extraction yield. EDTA in excess over Ni was determined 
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by titration with Ni standard solution at pH 10 using murexide as indicator (Vogel 

et al. 1978). 

All experiments were performed in triplicate and all the represented results are 

the average of three replicates. 

 

5.2 RESULTS AND DISCUSSION 

Spent Ni-Mo HDS catalyst was roasted and leached with NaOH using a 

microwave-assisted technique to dissolve Mo selectively (Chapter 3). After the 

first leaching stage, metal content of the remaining spent catalyst was: 2.9, 38 and 

2.3 wt. % of Ni Al, and Mo, respectively. These values were used to calculate the 

extent of metal extraction in the second stage. To perform chemical simulations, 

the molar concentrations of Ni, Al and Mo used were 0.025, 0.70 and 0.012 mol/L 

respectively, calculated considering the mass content in the catalyst and s/l of 50 

g/L. 

 

5.2.1 Sulphuri] []i^ l_[]hing 

Theoretically, aqueous metal speciation predicts that in the pH range between 4 

and 8, Ni should be soluble and Al precipitated (Martell and Smith 2004). In the 

present study, the Ni present in the catalyst is in the form of oxide (NiO), so its 

solubilisation depends on the quantity of protons available for reaction (5.1) to 

occur. Formation of soluble Al requires greater quantity of protons (Eq. 5.2). 

 

NiO (s) + 2 H+ (aq) → Ni2+ (aq) + H2O (l) (5.1) 

Al2O3 (s) + 6 H+ (aq) → 2 Al3+ (aq) + 3 H2O (l) (5.2) 
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 CONVENTIONAL METHOD 5.2.1.1

Results for the extraction of Ni, Mo and Al, obtained at different H2SO4 

concentrations in a water bath at 80 ºC for 2 h, are shown in Figure 5.1. For 

H2SO4 0.1 mol/L, Ni extraction only reached 37%, after 2 h, and the final pH was 

2.5. The incomplete solubilisation of Ni and the presence of acid in excess, 

provided conditions for Al solubilisation (Eq. 5.2) and about 2.5% of the total Al 

in the catalyst was leached. By converting the percentages to mass values, we 

concluded that the mass ratio of Ni/Al removed was only 1.1. In order to try to 

recover Ni more efficiently, the concentration of H2SO4 was increased. However, 

Al removal was also favoured, which showed the difficulty of the selective 

dissolution of Ni. Using a 0.8 mol/L solution, 84% of Ni was leached from the 

catalyst, together with 49 and 31% of Al and Mo, respectively. By increasing the 

experiment time to 4 h, extraction reached 95, 60 and 34% of Ni, Al and Mo, 

respectively. High recovery of Ni was achieved, though Ni/Al mass ratio on the 

final solution was very low (0.12). Ni/Mo ratio also decreased: using a 0.8 mol/L 

solution of H2SO4, Ni/Mo mass ratio was equal to 3.6. 

 

 

Figure 5.1. Effect of H2SO4 concentration on metal extraction from the spent catalyst using 
conventional leaching method (s/l = 50 g/L, 2 h, 80 ºC). Each point represents the average of three 

replicates; standard deviations were below 4% for Ni, 3% for Al and 2% for Mo. 
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 MICROWAVE-ASSISTED METHOD 5.2.1.2

Microwave-assisted leaching, using H2SO4 as leaching agent, was also assayed 

to observe if Ni/Al and Ni/Mo ratios could be increased, when compared to the 

conventional method. 

The vessels used to heat the samples are made of PTFE, a dielectric material 

with low dielectric loss, which allows the microwaves to flow directly into the 

sample and serves as an insulator to avoid heat loss from the reaction system (Xu 

and Shen 1988). As expected, microwave-assisted leaching of Ni, Al and Mo from 

the catalyst increased for higher H2SO4 concentration (Figure 5.2). For constant 

H2SO4 concentration, when the number of cycles was varied, an enhancement on 

the leaching of metals was observed. After 4 cycles, which is equivalent to 2 min 

of heating, Ni extraction reached 90% when a solution of 0.8 mol/L of H2SO4 was 

used; this value remained unaffected when further heating was applied. 

Comparison with the results obtained with the thermostatic bath shows that 

microwave-assisted leaching led to faster dissolution of Ni, Al and Mo, due to 

higher temperature and pressure achieved inside the vessel. The leaching solution 

contains mainly water, which has high dielectric constant and high dielectric loss, 

making it a good absorber of microwave energy that allows the faster heating 

(Stuerga 2008). The presence of H2SO4 decreases the dielectric constant of the 

solution (Krishnan et al. 2007), but since the solutions are not very concentrated, 

the dielectric heating is still significant. Because dielectric heating is affected by 

higher temperatures, it is important to let the system cool down before the next 

cycle, to optimise microwave energy. 

After 4 heating cycles of 30 s each, using H2SO4 0.8 mol/L, Ni/Al and Ni/Mo 

mass ratios were 0.1 and 3.7, respectively. These results evidenced that no 

significant differences, in terms of selectivity, were achieved when microwave-

assisted leaching was used instead of conventional conditions. 
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 Figure 5.2. Effect of H2SO4 concentration and number of cycles on Ni (A), Al (B) and Mo 
(C) extraction from the spent catalyst using microwave-assisted leaching (s/l = 50 g/L, cycles of 
30 s each). Each point represents the average of three replicates; standard deviations were below 

2% for Ni, 4% for Al and 4% for Mo. 
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5.2.2 EDT@ l_[]hing 

Results presented in section 5.2.1, using H2SO4 as leachant, have shown that 

these experimental conditions are not suitable to dissolve Ni selectively from the 

HDS catalyst. In order to achieve this goal, further work involving EDTA 

leaching was prosecuted. 

 

 COMPUTER CHEMICAL SIMULATIONS 5.2.2.1

For simulations performed with MINEQL+ (more details in section 3.1.2), 

molar metal concentrations were calculated considering s/l of 50 g/L and 

assuming that the total content of metals in the catalyst was solubilised. 

Aqueous systems containing Ni, Al, Mo (0.025, 0.70 and 0.012 mol/L, 

respectively) and EDTA were studied. EDTA concentration was varied between 

0.025 and 0.35 mol/L. For a solution without EDTA, chemical simulation predicts 

that, for pH values higher than 8, Ni should be totally in the solid state (data not 

shown in this chapter, see Chapter 3, Figure 3.4-B). For [EDTA]/[Ni] ≥ 1, total 

solubilisation of Ni in the whole pH range is predicted due to the high stability 

constant and solubility of the Ni-EDTA complex (Martell and Smith 2004). When 

both Ni and Al are in the presence of EDTA, at [EDTA]/[Ni] = 1, Ni is preferably 

complexed and the speciation of Al (Figure 5.3, line a) does not differ from its 

behaviour in water, leaving a wide pH range (between 4 and 11) where Ni should 

be selectively complexed with EDTA. Due to the heterogeneous system, higher 

EDTA concentrations are usually needed to accomplish maximum extraction from 

the catalysts (Goel et al. 2009). With excess of EDTA, complexation of Al may 

occur, which increases Al solubilisation between pH 4 and 8, as a result of the 

formation of Al-EDTA and Al-OH-EDTA complexes. According to chemical 

simulations (Figure 5.3), the percentage of soluble Al is minimal (2 - 4%) for a 

very narrow pH range (10.5 - 11.5), and this behaviour is observed even for higher 

EDTA concentrations (line d). 

Although Mo was also included in the system, complexation between EDTA 

and this metal was not predicted (data not shown) as Ni and Al are preferably 

complexed in the whole pH range. Because it is unlikely that all EDTA reacts 

with Ni and Al during the experiments, a simulation for the Mo-EDTA system 
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alone (Kula 1966, Kula and Rabenstein 1966) was performed (data not shown), in 

order to understand how complexation may occur. In the pH range where Al 

dissolution is minimal (10.5 - 11.5), Mo does not complex with EDTA but may be 

solubilised, as molybdate, due to the reaction of MoO3 with hydroxide ions 

(Chapter 3, Eq. 3.1). Complexation between Mo and EDTA is only predicted for 

pH values lower than 10. 

 

 

Figure 5.3. Theoretical solubility of Al in a Ni-Al-Mo-EDTA aqueous system. Ni 0.025 mol/L, Al 
0.7 mol/L, Mo 0.012 mol/L and EDTA a. 0.025, b. 0.05, c. 0.1 and d. 0.35 mol/L. 
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presence of EDTA, it does not depend on the available number of moles of 

EDTA. 

To test if the limiting factor could be the diffusion of the EDTA molecules 

through the porous media of the catalyst, experiments using crushed samples 

(average diameter: 385 µm) were performed, with EDTA 0.1 mol/L. For all three 

metals studied, differences in metal extraction between uncrushed and crushed 

catalyst samples were not significant (Figure 5.5). In this case, it does not seem 

that the increase in the contact area between Ni and EDTA has been 

advantageous. 

In other works where EDTA was used to solubilise Ni (Goel et al. 2009, 

Vuyyuru et al. 2010), catalysts were obtained from the fertilizer industry and 

contained about 6 times more Ni than the one used in our experiments, which may 

explain the higher recovery of Ni when compared with the obtained results. 

 

 

Figure 5.4. Effect of time and EDTA concentration on metal extraction from the spent catalyst 
using conventional leaching method (s/l = 50 g/L, 80 ºC, pH = 10.5) A. 4 h, B. 8 h. Each point 

represents the average of three replicates; standard deviations were below 2% for Ni, 0.4% for Al 
and 2% for Mo. 
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Figure 5.5. Comparison between uncrushed and crushed catalyst using conventional heating 
(EDTA 0.1 mol/L, s/l = 50 g/L, 90 ºC). Each bar represents the average of three replicates, with 

respective standard deviations. 
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concentration were increased, can be due to the conditions used that were not 

enough to promote recovery by complexation. Analysis of variance (95% 

confidence level) showed that the contributions of EDTA concentration and cycle 

duration are both significant and similar. No interaction between the two factors 

was found, which is visible by analysing the similar behaviour of Ni response for 

the two different cycle durations. 

 

 

Figure 5.6. Effect of EDTA concentration and cycles duration on metal extraction from the spent 
catalyst using microwave-assisted method (s/l = 50 g/L, 4 cycles, pH = 10.8). Each point 

represents the average of three replicates; standard deviations were below 5% for Ni, 1% for Al 
and 2% for Mo. 
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increased by applying microwave heating (higher temperature and pressure). The 

limiting factor was its solubility in the pH conditions used. 

Using 30 s cycles, leaching of Mo was slightly higher for lower concentrations 

of EDTA, similar to what happened with Al, but there was no significant (95% 

confidence level) effect of EDTA concentration on Mo results. The increase of 

EDTA concentration seems to enhance Mo dissolution, when 60 s were used, but 

such increase is only significant between 0.1 and 0.2 mol/L of EDTA. Like Al, the 

high temperature and pressure achieved during microwave heating did not lead to 

a significant increase in Mo leaching when compared to conventional heating. At 

the pH used in the experiments, Mo should be present in solution as MoO4
2-, 

which means that its amount should be independent of the EDTA concentration. 

Most of the Mo was removed during the first leaching step, which occurred in 

similar pH conditions; so, the remaining Mo is more difficult to solubilise, which 

explains the low extraction. 

 

The use of EDTA in leaching of spent catalysts has more economical interest if 

the chelant can be recycled and reused in the process, after recovery of metals. 

EDTA decomposition starts to occur at temperatures close to 200 ºC and, although 

longer times than the ones used in the leaching experiments are needed to 

decompose a significant fraction of the EDTA present (Martell and Smith 2004), 

the remaining EDTA in solution was quantified. EDTA in excess over Ni was 

determined by titration with Ni standard solution at pH 10, using murexide as 

indicator (Vogel et al. 1978). The EDTA complexed with Ni was not degraded; 

otherwise, Ni ions would be free and precipitate. The EDTA determined 

corresponded to the quantity that is in excess relative to Ni because Ni-EDTA 

complexes are more stable than Al- or Mo-EDTA complexes that may exist in 

solution. The determinations were performed in the samples subjected to longer 

heating times (4 cycles of 60 s each) for both 0.1 and 0.2 mol/L of EDTA. It was 

verified that the concentration of EDTA calculated was in agreement with the 

value predicted based on the initial solution of EDTA and on the Ni extracted, 

with a maximum difference of 6%; so, it can be concluded that no significant 

decomposition of EDTA has occurred. 
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Variation of pH 

The effect of pH in the metal removal from the catalyst is shown in Figure 5.7 

for 30 s of cycle duration and EDTA 0.1 mol/L. Complexation between EDTA 

and Al increased for lower pH and Al extraction reached 11% at pH 4.4, which is 

in agreement with the prediction of the simulations (Figure 5.3). Mo dissolution 

also increased when pH was reduced, possibly in consequence of formation of 

Mo-EDTA complexes. For the different pH values, no significant differences 

regarding the Ni extraction were observed. These results corroborate the initial 

prediction for the optimum pH to dissolve Ni selectively. Higher pH values were 

not tested because Al extraction increases due to the formation of Al(OH)4
-, as it 

was observed during the first leaching step (Chapter 3). 

 

 

Figure 5.7. Effect of initial pH on metal extraction from the spent catalyst using microwave-
assisted method (s/l = 50 g/L, 4 cycles of 30 s each, EDTA 0.1 mol/L).  Each point represents the 

average of three replicates; standard deviations were below 4% for Ni, 0.3% for Al and 2% for 
Mo. 

 

Variation of the number of cycles 

The duration of the experiment was studied in terms of number of cycles 

because, considering 1 cycle, time could only be increased until 60 s. Longer 

heating times can cause an extreme increase in temperature and pressure inside 

the vessel, that cannot be supported for safety reasons. The influence of the 

0

10

20

30

40

50

60

70

4 5 6 7 8 9 10 11

E
xt

ra
ct

io
n,

 %

pH

Ni Mo Al



5. L_[]hing of ni]k_l 

 

106 

number of cycles was studied for both cycles duration, using EDTA 0.1 mol/L 

(Figure 5.8). Ni extraction increased with the number of cycles. Cycles with 

different durations were tried: 2 cycles of 30 s and 1 cycle of 60 s correspond to 

the same heating time. The total leached Ni was significantly higher when longer 

cycles were applied proving that, not only the amount of microwave heating is 

important, but also the time distribution. Longer cycles led to higher temperature 

and pressure, which promoted the chemical reaction between EDTA and Ni. 

Maximum Ni extraction was obtained using 4 cycles of 60 s each; the application 

of 6 cycles did not lead to better results. 

In general, for both Al and Mo, the variations of the leaching efficiencies under 

different time conditions were not significant. Al and Mo solubilisation was not 

promoted by the system conditions and chemical equilibrium was reached faster.  

 

 

Figure 5.8. Effect of the number of cycles and cycle duration on metal extraction from the spent 
catalyst using microwave-assisted method (s/l = 50 g/L, EDTA 0.1 mol/L, pH = 10.8). Each point 
represents the average of three replicates; standard deviations were below 4% for Ni, 0.5% for Al 

and 2% for Mo. 
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Variation of the particle size 

To investigate if particle size has impact on the metals recovery, the catalyst 

was crushed and three experiments were performed, with EDTA 0.1 mol/L. At a 

first glance, Figure 5.9 seems to show that Ni removal was higher when the 

catalyst was crushed. Statistical analysis of the results evidenced that such 

increase was only significant when 1 cycle was applied. For the three conditions 

tested and both types of granulometry, the analysis of Ni removal confirmed that 

the number of applied cycles contributed 96% for the final result while crushing 

contributed only 2%. During the microwave leaching experiments, higher pressure 

and temperature enhanced Ni extraction, so when the contact area was increased, 

metal recovery also slightly increased. Both Al and Mo extraction was higher 

when the catalyst was crushed, unless for the 1 cycle situation, where the value for 

Mo was lower. The use of crushed catalyst led to a less selective leaching of Ni 

from the catalyst. 

 

 

 

Figure 5.9. Comparison between uncrushed and crushed catalyst using microwave heating (EDTA 
0.1 mol/L, s/l = 50 g/L, cycles of 30s). Each bar represents the average of three replicates, with 

respective standard deviations.  
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5.2.3 NT@ l_[]hing 

NTA is able to chelate metal ions, just like EDTA, although in a lower extent, 

in most of the cases, due to lower stability constants. However, it is biodegradable 

which is an environmental advantage. 

 

 COMPUTER CHEMICAL SIMULATIONS 5.2.3.1

Simulations of the Ni-Al-Mo system, in the presence of NTA, were performed 

to analyse the possibility of application of a biodegradable chelating agent to 

remove Ni selectively from the catalyst. 

For a NTA concentration of 0.025 mol/L ([NTA]/[Ni] = 1), Ni solubility starts 

to decrease for pH values higher than 9.5 (data not shown). Due to the formation 

of Ni(NTA)2 at this pH and since there is no excess of NTA, the uncomplexed Ni 

remains in the solid state (data not shown). Complexation between Al and NTA 

occurs at pH < 4 (Figure 5.10, line a) where Al-H-NTA and Al-NTA complexes 

are formed. For higher NTA concentrations, Ni is soluble in the whole pH range, 

but Al solubility also increases (Figure 5.10, lines b-d). At higher pH values, the 

excess of NTA allows the formation of Al complexes and when NTA is 0.35 

mol/L, Al may exist as a soluble species until pH 8.5, due to the formation of 

Alx(OH)y(NTA)z complexes. Between pH 8.5 and 10.5, the maximum quantity of 

soluble Al predicted is 0.7% while Ni is totally complexed. Complexation 

between Mo and NTA may occur for pH values lower than 10. 

Although stability constants associated to the formation of complexes between 

Ni and NTA are lower than for EDTA (Martell and Smith 2004), NTA might be 

advantageous if it leads to a more selective leaching, associated with the fact that 

is biodegradable. 
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Figure 5.10. Theoretical solubility of Al in a Ni-Al-Mo-NTA aqueous system. Ni 0.025 mol/L, Al 
0.7 mol/L, Mo 0.012 mol/L and NTA a. 0.025, b. 0.05, c. 0.1 and d. 0.35 mol/L. 

 

 MICROWAVE-ASSISTED LEACHING 5.2.3.2

NTA concentrations between 0.025 and 0.4 mol/L were experimented using 4 

cycles of 30 s each; the pH of the initial solution was adjusted to 8. Figure 5.11 

shows that Ni removal increases with the ligand concentration. Between 0.2 and 

0.4 mol/L the extraction of Ni stabilised, reaching a maximum of 51%. For NTA 

≤ 0.1 mol/L, Al removal was below 1%, as it was predicted by simulations. For 

higher NTA concentrations, Al dissolution increased, which means that some Al 

complexation must have occurred. Mo leaching also increased with ligand 

concentration. At pH 8, the dissolution of Mo is dependent on both chelation with 

NTA and formation of molybdate ion, unlike what happened with EDTA at pH 

10.8, where formation of complexes was not predicted. 
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Figure 5.11. Effect of NTA concentration on metal extraction from the spent catalyst using 
microwave-assisted method (s/l = 50 g/L, cycle duration of 30 s, 4 cycles, pH = 8). Each point 

represents the average of three replicates; standard deviations were below 3% for Ni, 0.1% for Al 
and 1% for Mo. 

 

To perceive if the selective leaching of Ni could be improved, variations on the 
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However, a reduction of the Mo dissolution, with the increase in pH, is evident 

and a minimum value was achieved for pH 10. The behavior of Al is similar, with 

a decrease of 1.6% between pH 4 and 10, which translates into a significantly 

different mass value.  
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Figure 5.12. Effect of initial pH on metal extraction from the spent catalyst using microwave-
assisted method (s/l = 50 g/L, cycle duration of 30 s, 4 cycles, NTA 0.2 mol/L). Each point 

represents the average of three replicates; standard deviations were below 3% for Ni, 0.3% for Al 
and 1% for Mo. 

 

 

Figure 5.13. Effect of the number of cycles on metal extraction from the spent catalyst using 
microwave-assisted method (s/l = 50 g/L, cycle duration of 30 s, NTA 0.1 mol/L, pH = 10). Each 
point represents the average of three replicates; standard deviations were below 3% for Ni, 0.3% 

for Al and 1% for Mo. 
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The best results were obtained using 0.2 mol/L solution of NTA at pH 10 and 4 

cycles with 30 s of microwave heating. Because the cycle duration had a 

substantial influence on the results when EDTA was used, these conditions were 

tested with 4 cycles of 60 s. Results (Table 5.1) showed that Ni removal increased 

11% while Mo and Al leaching did not suffer any significant change; thus, an 

increase of the Ni selectivity was attained. 

Table 5.1 shows the metal extractions achieved for NTA and EDTA under the 

same experimental conditions. Weaker bonding between NTA and Ni led to lower 

Ni extraction from the spent catalyst. Ideally, Ni extraction should be increased, 

while the Al extraction values, obtained for the lower NTA concentrations, should 

be kept constant; otherwise, there are no advantages of using NTA to extract Ni.  

 

Table 5.1. Comparison between EDTA and NTA: metal extraction from spent HDS catalyst using 
microwave-assisted method (4 cycles, s/l = 50 g/L). 

Cycles 
[L], 

mol/L 
L pHi 

Metal Extraction, % 

Ni Al Mo 

30 s 

0.025 
EDTA 10.8 40 ± 2 2.5 ± 0.1 12 ± 2 

NTA 8.0 36 ± 3 0.5 ± 0.1 7 ± 1 

0.05 
EDTA 10.8 55 ± 5 3.3 ± 0.3 13 ± 1 

NTA 8.0 41 ± 2 0.6 ± 0.1 6 ± 2 

0.1 
EDTA 10.8 63 ± 4 3.6 ± 0.3 11 ± 2 

NTA 8.0 45 ± 2 1.1 ± 0.1 7 ± 1 

0.2 
EDTA 10.8 60 ± 4 3.8± 0.5 12 ± 2 

NTA 8.0 53 ± 3 1.8 ± 0.1 10 ± 1 

60 s 0.2 
EDTA 10.8 79 ± 4 3.4 ± 0.1 14 ± 1 

NTA 10.0 64 ± 3 1.8 ± 0.2 8 ± 1 

 

 

5.3 COMPARATIVE ANALYSIS - EFFICIENCY AND SELECTIVITY  

To evaluate the selective extraction of Ni and to compare results using different 

solutions and techniques, JMP® 8.0 statistical software was used. For each 

experimental condition, three responses were obtained: Ni, Al and Mo extraction. 

For each response, an importance factor and desirability values were attributed to 

control points. JMP creates smooth functions with exponential tails and cubic 
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middle to fit the inserted points and calculates desirability for the experimental 

points based on the desirability function and importance of each response. The 

parameters used for the desirability function are presented in Table 5.2. 

The choice of the importance factor was made taking into account two main 

reasons: 

- The primary goal of the work was to leach Ni from the catalyst. 

- Al and Mo removal are less important; however, more attention should be 

paid to Al result, since its content in the catalyst is significantly higher. 

Desirability values were selected in order to meet the following criteria: 

- Benefit high extraction of Ni and penalise when the value starts to 

decrease: values below 30% have null desirability. 

- Extraction of Al is undesirable; so, a minimisation function was used, 

where maximum desirability is attained when no removal occurs. Due to the high 

content of Al present in the catalyst, even low percentages represent significant 

quantities of Al in the final solution; therefore, higher extractions were more 

penalised. 

- For Mo, a similar logic to the one applied to Al was used. Because the 

content of Mo in the catalyst is much lower than Al, Mo was not so critical; so, 

for the middle extraction, the value attributed for the desirability was not so low.  

 

Table 5.2. Importance and desirability (desirab.) values attributed to the extraction (%) of Ni, Al 
and Mo. 

 Ni Al Mo 

Importance 0.80 0.15 0.05 

 % Desirab. % Desirab. % Desirab. 

Low 30 0.01 0 0.99 0 0.99 

Middle 50 0.30 20 0.20 20 0.40 

High 100 0.99 100 0.01 100 0.01 

 

Because the main goal of this work was to extract Ni selectively from the 

catalyst, the best results obtained, together with the calculated values for Ni/Al 

and Ni/Mo mass ratios and desirability, are shown in Table 5.3. 
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When H2SO4 was used, no significant differences in Ni extraction were 

observed between bath and microwave experiments for either concentration 

tested. Al dissolution was slightly enhanced by the use of microwave radiation, 

causing the Ni/Al ratio to decrease. Some variations of the removal of Mo were 

also observed. For H2SO4 experiments, it is possible to conclude that, although 

microwave-assisted leaching did not bring any advantage in terms of leaching 

efficiency, it revealed to be a faster method. The best desirability was obtained 

when 0.8 mol/L solution of H2SO4 was used in the thermostatic bath, thanks to the 

very high recovery of Ni. Nevertheless, Ni/Al ratio was very low. 

As described in section 5.2.2, the experiments performed with EDTA solution 

in the thermostatic bath did not lead to the desired results. After microwave 

heating, Ni removal was highly enhanced: with cycles of 60 s, 80% of Ni 

extraction was reached. In this case, the use of microwave energy resulted in a 

faster process and increase in the efficiency. Due to the much lower Al extraction 

and relative high Ni recovery, the desirability value was higher than the best case 

of H2SO4 leaching. These results show that an EDTA solution, associated with 

microwave-assisted leaching, is more suitable, if a selective leaching of Ni is 

intended. 

Microwave-assisted leaching using NTA aqueous solution led to the higher 

mass ratio values, due the lowest removal of Al and Mo. However, desirability 

value was affected due to the fact that only a maximum extraction of Ni of 64% 

was achieved. 

 When looking to the catalyst appearance through the different leaching stages 

(Figure 5.14) the changes in colour, as the metals are being removed, can be 

observed. After leaching with NaOH, the yellowish colour, typical of 

molybdenum trioxide, turned into a greener tone due to the removal of most Mo 

and the presence of nickel oxide. When the second leaching was performed with 

H2SO4, the final colour was practically white because Mo and Ni were almost 

totally removed leaving alumina as the constituent of the solid. In the case of 

EDTA, there are residual quantities of Mo and Ni that still confer some colour to 

the catalyst. 
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Table 5.3. Comparison between H2SO4, EDTA (pHi = 10.8) and NTA (pHi = 10) leaching.  

 
Conditions 

Conc, 
mol/L 

Metal extraction , % 
Ni/Al

a
 Ni/Mo

a
 Desirab. 

Ni Al Mo 

H2SO4 

Bath  
80ºC, 4 h 

0.4 76 ± 3 28 ± 2 11 ± 2 0.20 8.7 0.535 

Bath  
80ºC, 4 h 

0.8 95 ± 3 60 ± 2 34 ± 2 0.12 3.5 0.608 

MW, 
 4 cycles, 30s 

0.4 80 ± 2 34 ± 1 29 ± 1 0.18 3.5 0.543 

MW, 
 4 cycles, 30s 

0.8 90 ± 2 68 ± 4 31 ± 1 0.10 3.7 0.558 

EDTA 

Bath 
90ºC, 8h 

0.1 40 ± 2 4.3 ± 0.2 14 ± 1 0.71 3.6 0.211 

MW 
4 cycles, 30 s 

0.1 61 ± 4 3.6 ± 0.3 11 ± 2 1.3 7.0 0.504 

MW  
4 cycles, 60 s 

0.1 80 ± 3 2.8 ± 0.2 10 ± 1 2.2 10 0.733 

NTA 

MW 
4 cycles, 30 s 

0.2 53 ± 3 1.8 ± 0.1 7 ± 1 2.3 9.5 0.412 

MW  
4 cycles, 60 s 

0.2 64 ± 3 1.8 ± 0.2 8 ± 1 2.7 10 0.554 

a Mass ratios 

 

 

 
Figure 5.14. Catalyst appearance through the various stages of the process. 
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5.4 CONCLUSIONS 

In this work, removal of Ni from a spent Ni-Mo catalyst was studied. In order 

to evaluate selective extraction of Ni from Al and Mo, EDTA leaching was 

performed using conventional and microwave-assisted methods and compared 

with the H2SO4 performance. Microwave-assisted leaching with NTA solutions 

was also experimented. 

H2SO4 is an effective reagent to extract metals from the spent HDS catalyst and 

Ni extraction ≥ 90% was achieved for both bath and microwave methods, using 

H2SO4 0.8 mol/L. The disadvantage is that a high quantity (60 - 68%) of Al was 

also dissolved, which requires one or more separation steps before recovering Ni 

from the solution. 

Results showed that EDTA leaching using conventional heating had a very 

restrict Ni extraction, even when time and concentration were increased. When 

microwave-assisted process was applied, Ni dissolution reached 80% at optimum 

conditions (4 heating cycles of 60 s each, 0.1 mol/L EDTA, pH 10.8 and s/l = 50 

g/L). Even though this value was lower than the results obtained with H2SO4 0.8 

mol/L (≥ 90%), the low values of Al and Mo extraction (2.8 and 10%, 

respectively) translated into higher Ni/Al, Ni/Mo and desirability values when 

compared to the H2SO4 ones. Results indicate that a greater selectivity can be 

achieved by applying EDTA solutions to the leaching of Ni from spent HDS 

catalysts. Ni leaching with NTA was not as efficient as EDTA, even though Mo 

and Al extractions were reduced. 

The achievements obtained in this chapter show the possibility of using EDTA 

as a less corrosive Ni extractant from spent catalysts. 
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The second leaching stage to remove metals from spent Ni-Mo catalyst was 

discussed in Chapter 5. Even though the use of H2SO4 leaching solution resulted 

in a more efficient extraction of Ni from the catalyst, the solution obtained after 

leaching with EDTA had a much lower concentration of Al and Mo, which might 

facilitate further separation and recovery of metals. The present chapter concerns 

the recovery of Ni, as a salt, from the solution obtained after the second leaching 

of the catalyst with EDTA, through precipitation methods. 

 

This chapter is based on the published paper: Pinto ISS, Sadeghi SM and 

Soares HMVM (2015).  Separation and recovery of nickel, as a salt, from an 

EDTA leachate of spent hydrodesulphurisation catalyst using precipitation 

methods. Chemical Engineering Science. 122, 130-137. 
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6.1 RECOVERY OF METALS FROM EDTA SOLUTIONS 

To recover metals from solution, where they are complexed with EDTA, 

EDTA is usually precipitated in very acidic conditions leaving the metals free to 

be recovered (Goel et al. 2009). However, if complexes are still stable in such 

conditions, EDTA precipitation is not complete and metal complexes remain. 

Electrochemical processes and replacement reactions are possibilities to recover 

metals from EDTA solutions. 

The deposition of Ni in the presence of EDTA by electrochemical membrane 

processes has been tried; however, results present in the literature have 

discrepancies: Juang and Wang (2000) stated that no deposition of Ni was 

observed in the wide pH range studied and at high current density; on the other 

hand, Oztekin and Yazicigil (2006) presented results that indicate the possibility 

of recovering Ni by electrolysis, in the presence of EDTA, in a two-chamber cell. 

The replacement reaction consists on substituting the metal in the complex by 

another, in order to precipitate the one intended to recover. In the case of EDTA, 

this is usually done by iron replacement, which forms very stable complexes that 

can be recovered latter by precipitation in alkaline conditions. This method has 

been applied to soil washing solutions: Di Palma et al. (2003) recovered Cu and 

Pb from an EDTA solution by studying both phosphate and hydroxide 

precipitation; Lo and Zhang (2005) recovered Pb and Zn by addition of phosphate 

after Fe replacement; Lim et al. (2005) precipitated Pb, Cd and Ni in their 

phosphate forms from spent EDTA solutions. 

 

6.2  EXPERIMENTAL 

6.2.1 L_[]hing of sp_nt HDS ][t[lyst 

The aqueous solution, used in this work, was obtained by leaching a spent Ni-

Mo HDS catalyst, using an EDTA solution. This leaching stage was studied as the 

second stage of a process for selective dissolution of metals from a spent Ni-Mo 

catalyst. Briefly, the first leaching stage was performed according to previous 

optimised conditions (Chapter 3): catalyst was roasted (500 ºC, 90 minutes) and 

leached using microwave-assisted method (NaOH 0.25 mol/L, s/l = 50 g/L, 4 
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heating cycles of 30 s each). The catalyst was separated from the leachate by 

filtration and dried at 105 ºC for 12 h, in order to standardise weight before the 

second leaching stage. 

The second leaching stage was accomplished with 0.1 mol/L solution of EDTA 

and using microwave heating (pH = 10.8, s/l = 50 g/L, 4 heating cycles of 60 s 

each) (Chapter 5). After 4 cycles, the solid and liquid phases were separated by 

filtration and the leachate was used to perform the precipitation studies. The metal 

concentrations are 1.98×10-2, 1.97×10-2 and 1.20×10-3 mol/L of Ni, Al and Mo, 

respectively and 0.1 mol/L of total EDTA. 

 

6.2.2 EDT@ pr_]ipit[tion 

EDTA precipitation was accomplished by lowering the pH through the addition 

of concentrated HNO3. Studies were performed using 20 mL of the respective 

solution and, after acid addition, the flasks with the solutions were left agitating at 

room temperature to achieve equilibrium. Different pH ranges were tested 

depending if the EDTA precipitation was performed before or after Al and Mo 

precipitation. In the first EDTA precipitation, pH was varied between 0.1 and 2.5 

and duration went from 3 to 24 h; in the second EDTA precipitation, the pH range 

studied was between 0 and 0.5 with duration of 3 - 4 days. The solids were then 

separated by centrifugation (2500 g, 10 min), washed with deionised water and 

dried at 105 ºC until constant weight was reached. Rigorous amounts of the solid 

were weighted and dissolved in NaOH (0.1 mol/L) and the volume was made up 

to 50 mL for analysis. 

 

6.2.3 @l [n^ Mo pr_]ipit[tion 

After first precipitation of EDTA, the pH was increased by the addition of 

NaOH to values between 3 and 10 and experiments were left for 1 h before 

separating the solid by centrifugation. Similarly to EDTA, the solid was washed 

and dried; then, rigorous weighted samples were dissolved in aqua-regia and 

heated in a water bath for 2 h. After complete dissolution, the solution was 

transferred to a volumetric flask and volume was made up to 50 mL. 
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6.2.4 Ni]k_l r_pl[]_m_nt [n^ its r_]ov_ry [s s[lts 

Nickel hydroxide was recovered by increasing the pH of the respective solution 

to values higher than 9, by the addition of NaOH. 

To study the precipitation as nickel phosphate, instead of hydroxide, an 

approach where Ni ion was replaced by Fe3+ ion was studied. Solutions of Fe and 

phosphate were prepared. A Fe solution (0.4 mol/L) was prepared from FeCl3·6 

H2O and Na2HPO4·12 H2O was used to prepare a 1 mol/L phosphate solution. A 

rigorously measured volume of Fe was added to the Ni-EDTA solutions and left 

under constant agitation for 1 day to reach equilibrium, so Fe replaces Ni in the 

EDTA complexes. Then, immediately after addition of phosphate solution, 

concentrated NaOH solution was used to increase the pH (between 7 and 11.5). 

The system was filtered to separate the solid from the liquid. Time between 

phosphate addition and filtration was varied from 30 s to 20 min. The solid was 

washed with deionised water, dried and dissolved in HNO3 for analysis. 

 

6.2.5 @n[lyti][l m_tho^s 

Concentrations of EDTA, Ni, Al and Mo in the supernatant and in the 

dissolved solids were determined and mass balances were confirmed for each one. 

Ni, Al and Mo were determined by AAS-FA using an air-acetylene (Ni) or 

nitrous oxide-acetylene (Al, Mo) flame. 

EDTA concentrations were calculated from total organic carbon determinations 

using a Shimadzu TOC-5000A analyser (Kyoto, Japan). 

Phosphorus concentration was determined by spectrophotometry at 880 nm, 

after reaction with molybdate (sulphuric acid + potassium antimonyl tartarate + 

ammonium molybdate + ascorbic acid) (US EPA 1978), using a Genesys 10UV 

Scanning spectrophotometer (Thermo Scientific). 
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6.3 RESULTS AND DISCUSSION 

The sequential process flow sheet, showing the several steps implemented in 

this work to recover Ni and EDTA from the EDTA solution originated from 

leaching a spent HDS Ni-Mo catalyst, is shown in Figure 6.1. 

 

 
Figure 6.1. Flow sheet of the processes developed to recover Ni from an EDTA solution originated 

from leaching a spent HDS Ni-Mo catalyst (η(metal/EDTA) corresponds to the respective 
recovery from solution). 
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Leaching of spent HDS Ni-Mo catalyst with a 0.1 mol/L solution of EDTA led 

to a solution containing 1.16 g/L of Ni, 0.532 g/L of Al and 0.115 g/L of Mo 
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known that EDTA precipitates at low pH as H4EDTA; this method is commonly 

used to recover this compound from aqueous solutions (Di Palma et al. 2003, 

Goel et al. 2009). However, complexed EDTA might be harder to precipitate, 

depending on the solubility and stability of the complexes. Computer simulations 

were performed using MINEQL+ (see Chapter 3, section 3.1.2), considering the 

molar concentrations of EDTA, Ni, Al and Mo in the solution obtained after 

leaching. The percentage of uncomplexed EDTA, predicted by computer 

simulations, is represented in Figure 6.2 (continuous line). Above pH 1.5, Ni, Al 

and Mo are all in the form of complexes while 60% of the total EDTA is free, 

which corresponds to the excess of EDTA relatively to the metals. Below pH 1.5, 

Mo starts to be uncomplexed, followed by Al. At pH 0.75, both metals are free, 

leaving 80% of EDTA uncomplexed while the remaining 20% are present as Ni-

EDTA complexes. Below pH 0.5, even Ni complexes, that are more stable, start to 

break, but free EDTA never reaches 100% for pH > 0. 

 

 

Figure 6.2. Variation of EDTA precipitation with the pH from an initial solution containing 
2.0×10-2, 1.9×10-2, 1.2×10-3 and 0.1 mol/L of Ni, Al, Mo and EDTA, respectively. Each point 

represents a single experiment. 

 

Experiments were performed to quantify EDTA precipitation at different pH 

values. After the addition of HNO3, the flasks were left for 24 h to achieve 

equilibrium. The experimental points (Figure 6.2) show that EDTA recovery from 
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increased with the decrease of pH because the metals begin to be in the free form, 

leaving EDTA available to precipitate. Maximum recovery of EDTA was 

obtained in the pH range between 0 and 0.4 with a value of 95%. According to the 

chemical speciation simulations (Figure 6.3-A), the remaining EDTA was still 

complexed with Ni as NiHxEDTA species. Using a pH below 0.4, a good recovery 

of EDTA was obtained, whilst metals remain in the aqueous solution, which was 

verified by AAS-FA measurements. The solid of EDTA had high purity with a 

maximum content of metals of 0.05 wt.% of Ni, 0.1 wt.%  of Al and 0.2 wt.% of 

Mo. Measurements of TOC confirmed that the content of H4EDTA in the solid 

was (99 ± 4)%. 

Experiments with duration of 3 and 6 h were tested and results did not differ 

significantly from the ones obtained after 24 h; hence, it is possible to conclude 

that after 3 hours dechelation had occurred. 

 

6.3.2 S_p[r[tion of @l [n^ Mo 

Al is highly insoluble in aqueous solutions between pH 4 and 11 due to the 

formation of Al(OH)3, while Ni only starts to precipitate at pH above 7. However, 

the separation of these two metals is usually done by solvent extraction (Kim and 

Cho 1997, Park et al. 2012, Rao et al. 2012) because the increase of the pH to 

values between 4 and 5, to precipitate Al(OH)3, also leads to co-precipitation of 

Ni (Lee et al. 2010), which was verified experimentally. Similarly, Mo, that is 

soluble in this pH range, tends to precipitate together with Al (as verified in 

Chapter 4, section 4.3.1), which is an advantage in this case because it increases 

the purity of Ni solution. 

As suggested by computer simulations (Figure 6.3), Al complexes are broken 

before Ni ones and the results for EDTA precipitation seem to indicate the same. 

So, to avoid the use of an organic extraction process, the presence of EDTA itself 

was used to study a separation of Al from Ni, based on different stability of the 

complexes in acidic medium. This way, during the EDTA precipitation (studied in 

section 6.3.1), instead of aiming for higher EDTA recovery, the goal was to obtain 

a good separation of Al and Ni. 
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Figure 6.3. Species distribution diagram of Ni (A) and Al (B), based on computer simulations, in 
an aqueous solution containing 0.1, 2×10-2 and 2×10-2 mol/L of EDTA, Ni and Al, respectively. 

 

After precipitation and recovery of EDTA, as a solid, the pH of the remaining 

solution was increased to 5.5 in order to study precipitation of Al. Figure 6.4 

shows the variation of precipitation of Ni, Al and Mo taking into account the pH 

of the first stage (EDTA precipitation, section 6.3.1). When pH was reduced to 

values around 1.5, complexation between EDTA and Al began to decrease and 

EDTA started to precipitate (Eq. 6.1 and Figure 6.2); a similar situation happened 

with Mo. Because Al3+ was in the free form, when the pH was increased to 5.5, it 

precipitated as hydroxide (Eq. 6.2) 

 

AlH(EDTA) (aq) + 3 H+(aq) ⇄ Al3+(aq) + H4EDTA(s) (6.1) 

Al3+(aq) +  3 OH-(aq) ⇄ Al(OH)3 (s)  (6.2) 

 

In the case of Ni, for pH below 1.5, NiH(EDTA) species was protonated into 
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dissociate, to form free Ni2+ and free EDTA. So, when the pH of the first stage 

was below 0.5, more EDTA was recovered (Figure 6.2), implying that, besides Al 

and Mo complexes, Ni-EDTA complexes were also partially broken. This fact 

was corroborated with the results obtained after increasing the pH (Figure 6.4), 

where Ni precipitation was observed because it was already free of EDTA in some 

extent. 

 

Figure 6.4. Variation of Ni, Al and Mo precipitation at pH 5 - 6 after precipitation of EDTA at 
different pH (in x axis): comparison between predicted and experimental values. Each point 

represents a single experiment. 

 

From the analysis of Figure 6.4, it is possible to conclude that the pH of the 

first stage should be between 1.2 and 0.7 to guarantee maximum precipitation of 

Al and Mo without significant loss of Ni. 

Figure 6.5-A shows the variation of Ni and Al precipitation with the pH of the 
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as long as it was below 1.5 (Figure 6.4). Below this pH, Mo-EDTA complexes 
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because at pH 5, Mo alone in solution is soluble, but since Al precipitates, Mo 

tends to co-precipitate, which was already observed experimentally (Chapter 4); 

so, the amount of Mo precipitated is not dependent on the quantity of free metal 

ion. However, it was verified that the amount of Mo recovered varied with the pH 

of the second stage. Maximum values of precipitated Mo were reached between 

pH 4.5 and 5.5. As it can be seen in Figure 6.5-B, the tendency was very similar 

when different pH values of the first stage were compared. Analysis of variance 

(95% confidence level) corroborates that only the pH of the second stage has 

significant influence on Mo precipitation, as long as the first stage occurred below 

pH 1.5. 

 

 

Figure 6.5. Precipitation of Ni and Al (A) and Mo (B), at different pH values (in x axis) after 
precipitation of EDTA in acidic conditions (pH in figure legend). Each point represents a single 

experiment. 
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These results showed that Al and Mo can be almost completely separated from 

Ni. After a stage at pH 0.9 - 1.0, (79 ± 1)% of EDTA precipitated. Then, pH was 

increased to 4 - 6, and (94 ± 4)% of Al and (67 ± 5)% of Mo precipitated with a 

loss of (3 ± 1)% of Ni. The solid was mainly aluminium hydroxide, with a 

maximum of 4 wt.% of Mo and 1.5 wt.% of Ni. The solution obtained contained 

1.13 g/L of Ni (1.92×10-2 mol/L), 2.96×10-2 g/L of Al (1.10×10-3 mol/L) and 

3.82×10-2 g/L of Mo (3.96×10-4 mol/L), as well as 2.0×10-2 mol/L of EDTA. The 

mass ratios Ni/Al and Ni/Mo increased from 2.2 to 38 and from 10 to 30, 

respectively. 

 

6.3.3 R_]ov_ry of Ni]k_l 

The solution obtained after the previous stage is mainly constituted by Ni and 

EDTA in a proportion of 1:1. At this ratio, Ni is complexed with EDTA in almost 

the whole pH range, which does not allow the recovery of Ni as a solid of nickel 

hydroxide by increasing the pH, due to the high stability of Ni-EDTA complex. 

In order to recover Ni, three different approaches, summarised in Figure 6.1, 

were studied. 

 

 OPTION 1 6.3.3.1

As it was reported in section 6.3.1, Ni-EDTA complexes are dissociated at pH 

below 0.5, which allowed an almost complete precipitation of EDTA. To facilitate 

the separation of Al from Ni, discussed in section 6.3.2, a higher pH was used in 

the precipitation of EDTA. After this step, the remaining EDTA could be 

separated by precipitation at a lower pH (<0.5) so that Ni would be free to 

precipitate. 

With this in mind, after the second stage, where Al and Mo were separated, pH 

values between 0 and 0.5 were tested. Because the concentration of EDTA was 

much smaller, dechelation kinetics was slower. Experiments were left for 3 days 

before separating the solid. After the addition of HNO3, no alteration was visible 

in the solution, but after 1 day, the formation of a solid was observed. Durations 

higher than 3 days did not affect the EDTA recovery. The best results were 
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obtained between pH 0.2 and 0.4, where (70 ± 3)% of EDTA was precipitated. 

The solid contained a maximum of 0.02 wt. % of Ni. By adding this result to the 

first EDTA precipitation at pH 0.9, the total recovery of EDTA was 86%. This 

value was slightly lower than the one obtained when the pH of the first stage was 

between 0.2 and 0.4 (94%). This was due to the decrease of the total concentration 

of EDTA and consequent modification of the equilibrium. After this stage, the 

remaining solution had 1.92×10-2 mol/L of Ni and 5.9 ×10-3 mol/L of EDTA. 

Now, since most of EDTA was precipitated and [EDTA]/[Ni] molar ratio was 

about 0.3, Ni was mostly present as free ion and could be precipitated, as 

Ni(OH)2, in alkaline medium. After addition of concentrated NaOH, it was 

verified that Ni precipitation reached 72%, even at pH up to 12. This result 

showed, as expected, that only free Ni precipitated, while Ni-EDTA complexes 

remained unaltered in solution. The solid had a purity of 97%, with Al and Mo as 

the main impurities. 

 

 OPTION 2 6.3.3.2

Similarly to option 1, free EDTA was precipitated by decreasing the pH to 0.4, 

and the remaining EDTA stayed complexed with Ni. 

The replacement of Ni by another metal to allow a more complete precipitation 

and recovery of Ni was considered. Iron(III) was chosen as it forms strong 

complexes with EDTA and is not toxic. In order to model the best pH conditions 

to replace Ni by Fe, computer simulations were performed considering [Ni] = 

2×10-2 mol/L and [EDTA] = [Fe] = 6×10-3 mol/L. Figure 6.6 shows that, below 

pH 3, EDTA complexes preferentially with Fe leaving Ni free (Eq. 6.3). 

 

Ni(EDTA) (aq) + Fe3+(aq) ⇄ Ni2+(aq) + Fe(EDTA) (aq) (6.3) 

 

Above this pH, equilibrium starts favouring Ni complexes, leaving Fe free to 

precipitate as iron hydroxide. Due to the excess of Ni, 70% are still free between 

pH 4 and 7, above this pH this fraction precipitates, which was observed 

experimentally. 
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Figure 6.6. Species distribution diagram of Ni (A) and Fe (B), based on computer simulations, in 
an aqueous solution containing [Ni] = 2×10-2 mol/L and [Fe] = [EDTA] = 6×10-3 mol/L. 

 

After Fe substitution, the precipitation of free Ni cannot be achieved in the 

form of hydroxide: the increase in pH would lead to the dechelation and 

precipitation of Fe hydroxide that is more insoluble than the Ni one. Therefore, 

the hypothesis of recovering Ni as a salt of nickel phosphate, which is more 

insoluble than the hydroxide, was studied. After the second precipitation step of 

EDTA (described in section 6.3.3.1), Fe was added to the obtained solution and 

was left for a day so as to reach equilibrium: the blue Ni-EDTA solution 

transformed into a yellow solution containing Fe-EDTA (Figure 6.7). Then, 

phosphate ion was added in the form of Na2HPO4 solution. 
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Figure 6.7. Leaching solution through the various separation stages (option 2). 

 

Effect of the iron quantity 

Iron is needed to replace Ni in the EDTA complexes; however, its amount 

cannot be in much excess compared to EDTA, otherwise it will precipitate 

together with Ni. Thus, [Fe]/[EDTA] ratios between 1 and 1.3 were assayed for a 

reaction time of 2 min at pH = 7 (Figure 6.8). It was concluded that the variation 

of [Fe]/[EDTA] ratio did not influence the recovery of Ni. This means that the 

replacement of Ni by Fe was complete and there is no need to add excess of Fe. 

Furthermore, Figure 6.8 shows that the amount of Fe incorporated in the solid 

increased with [Fe]/[EDTA] ratio; so, a [Fe]/[EDTA] ratio closer to 1, which is 

the stoichiometric quantity needed (Eq. 6.3), is the best compromise between high 

purity and high Ni recovery. 
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Figure 6.8. Ni recovery, and respective percentage of Fe in the solid from an initial solution of Ni 
1.9×10-2 mol/L and EDTA 5.9×10-3 mol/L. Variation of [Fe3+]/[EDTA] molar ratio ([PO4

3-]/[Ni2+] 
= 1, t = 2 min, pH = 7). Each bar or point represents the average of three replicates. 

 

Effect of pH 

It was verified that if the pH of Ni-EDTA solution was maintained (pH = 0.4), 

precipitation of nickel phosphate did not occur after the addition of phosphate, 

even though this addition increased the pH. Solubility of nickel phosphate 

decreases with the increase of pH, with a minimum for pH between 9 and 10 (data 

not shown). So, after the addition of phosphate, the pH was increased by adding 

NaOH. This was done after the addition of phosphate and not before because the 

pH of the Ni-Fe-EDTA solution cannot be increased to values higher than 2.5, 

otherwise EDTA starts to complex preferentially with Ni, and Fe would 

immediately precipitate (Figure 6.6), which was experimentally observed. 

An increase in the Ni recovery with the pH was observed until pH 9 (Figure 

6.9). Between pH 9 and 10, no meaningful changes have been detected. This 

behaviour was consistent with the computer simulations where the minimum 

solubility of nickel phosphate is predicted between pH 9 and 10. Between pH 7.5 

and 9.0, the precipitation of Ni increased almost 10%. The best Ni recovery, (93 ± 

1)%, was obtained at pH 9 after a reaction time of 2 min, [PO4
3-] /[Ni2+] = 1 and 

[Fe]/[EDTA] = 1 . In addition, the percentage of Fe in the solid increased 
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continuously with the pH. This fact is well understood since higher pH favours the 

precipitation of Fe(OH)3 even in the presence of EDTA. 

 

 

Figure 6.9. Ni recovery, and respective percentage of Fe in the solid from an initial solution of Ni 
1.9×10-2 mol/L and EDTA 5.9×10-3 mol/L. Variation of pH ([Fe]/[EDTA] = 1, [PO4

3-]/[Ni2+] = 1, t 
= 2 min). Each point represents a single experiment. 

 

Effect of the phosphate quantity 

In order to evaluate the suitable amount of phosphate needed to maximise the 

recovery of Ni, the molar ratio between phosphate and Ni was varied between 0 

and 2.5. After the addition of the correspondent amount of phosphate, the pH was 

increased up to 9 with NaOH. The reaction was left to occur for 2 min and then 

the solid was separated by filtration. Figure 6.10 shows the results obtained for the 

different [PO4
3-]/[Ni2+] ratios, both in terms of Ni recovery and percentage of Fe 

in the solid. The goal is to recover Ni with the higher purity possible and not lose 

Fe to the solid. Without the addition of phosphate, both the recovery of Ni was 

lower and the percentage of Fe in the solid was higher due to the lower 

insolubility of nickel hydroxide. Between [PO4
3-]/[Ni2+] 0.7 and 2.5 the 

differences in Ni precipitation were not significant. The quantities of Ni and P 

determined in the solid showed that the molar ratio between these two elements 

was always close to 1.5, indicating that the precipitated solid has a stoichiometry 

of Ni3(PO4)2. In this case, the minimum quantity of phosphate needed would be 
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[PO4
3-]/[Ni2+] = 0.667, which explains the constancy of the results for ratios 

higher than 0.7. The percentages of Fe in the solid were also very similar between 

the experiments where [PO4
3-]/[Ni2+] was  between 0.7 and 2.5, although the 

tendency was decreasing with the increasing ratio. 

 

Figure 6.10. Ni recovery, and respective percentage of Fe in the solid from an initial solution of Ni 
1.9×10-2 mol/L and EDTA 5.9×10-3 mol/L. Variation of [PO4

3-]/[Ni2+] molar ratio ([Fe]/[EDTA] = 
1, t = 2 min, pH = 9). Each bar or point represents the average of three replicates. 

 

Effect of reaction time 

According to computer simulations, Fe would precipitate as Fe(PO)4 to reach 

equilibrium, because Ni-EDTA complexes are favoured to Fe-EDTA complexes 

at pH = 9 (Figure 6.6). Due to this reason, short reaction times (between 30 s and 

20 min) were tested. The increase of Ni recovery was only significant between 30 

s and 2 min; above this time, there were no statistical differences between results. 

The variance in the percentage of Fe present in the solid was also not significant 

between 2 and 20 min. From these results, a reaction time between 2 and 20 

minutes can be used without compromising Ni recovery or purity. 
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obtained after the second stage (separation of Al and Mo) has an equimolar 

concentration of Ni and EDTA (approximately 2×10-2 mol/L) and a pH between 5 

and 6. Since the amount of Fe to be added should be equal to the EDTA 

concentration (Eq. 6.3), this implies that the quantity of Fe must be increased, 

when compared to the previous situation, and the pH must be lowered (< 2.5) to 

avoid iron precipitation. This option was studied in a similar way of what was 

already described in section 6.3.3.2. The quantity of Fe was added to achieve a 

[Fe]/[EDTA] ratio of 1. Higher quantities ([Fe]/[EDTA] = 1.15) were also tested 

but the percentage of Fe in the solid increased from 1 to 4%, as it happened 

previously (Figure 6.8). Similarly, reactions longer than 2 min and [PO4
3-]/[Ni2+ ] 

≥ 0.7 did not make significant differences in the Ni precipitation. The influence of 

pH was also studied, with the addition of NaOH after the addition of phosphate 

(Figure 6.11). In this case, the increase of pH also enhanced Ni precipitation, with 

a maximum Ni recovery of (82 ± 2)% at pH 8.5. However, the amount of Fe, 

present in the precipitate, also increased more significantly with the pH than what 

was previously observed for the less concentrated EDTA solution (Figure 6.9), 

due to the higher quantity of Fe added. To minimise the contamination of Fe 

(<2%), pH values lower than 8 should be used. 

 

 

Figure 6.11. Ni recovery (and respective percentage of Fe in the solid) obtained by substitution 
with Fe and precipitation with phosphate from an initial solution of [Ni] = [EDTA] = 2×10-2 mol/L 
([Fe]/[EDTA] = 1, [PO4

3-]/[Ni2+] = 1, t = 2 min). Each bar or point represents the average of three 
replicates. 
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6.4 PROPOSAL OF A PROCESS TO RECOVER Ni FROM HDS SPENT 

CATALYSTS 

Figure 6.1 summarises the studies performed to recover Ni salts from spent Ni-

Mo catalyst. Leaching the spent catalyst with an alkaline aqueous solution of 

EDTA, as the second leaching step of a process to recover metals from spent HDS 

catalyst produces a solution of EDTA, Ni, Al and Mo. By lowering the pH to 

values close to 1, it is possible to recover the EDTA in excess relative to Ni; this 

procedure leaves Al and Mo uncomplexed and able to precipitate at pH higher 

than 5. From this point, three options were studied to recover Ni. 

In option 1, EDTA was precipitated again, using a lower pH than the one used 

in the first EDTA precipitation, in order to dissociate Ni-EDTA complexes. Then, 

free Ni can be precipitated, as nickel hydroxide, by increasing the pH. 

Because even the extremely acidic conditions were not able to dissociate all 

Ni-EDTA complexes, the recovery of Ni was not complete. Therefore, two 

additional options (2 and 3) were developed for raising the yield of Ni recovery. 

In option 2, the second EDTA precipitation was first executed. Then, with the 

purpose of increasing the free amount of Ni, and thus the subsequent yield of Ni 

recovery, Fe was added to replace Ni in the EDTA complexes and precipitation of 

Ni was achieved in the phosphate form. Similarly, option 3 was based on Fe 

replacement, but directly after Al and Mo precipitation step. 

Finally, Fe was separated and recovered as iron hydroxide from the solutions 

coming from options 2 and 3, by increasing the pH up to 12.  To decrease costs, 

this iron hydroxide could be re-solubilised and added to the Ni-EDTA solution as 

the Fe source. 

A comparative analysis of the three options developed in this work for 

recovering Ni, shows that option 2 allows the higher Ni recovery. However, this 

option also includes a higher number of stages. Alternatively, option 3 has the 

advantage of using less amount of acid to lower the pH and does not include the 

slower stage that is EDTA second precipitation. Nevertheless, the quantity of Fe 

added was higher, which also decreased the purity of the recovered solid. 

The processes proposed are nearly-closed with almost no generation of 

residues. The final solution obtained in option 2 contains around 6 ×10-3 mol/L of 
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EDTA and 3 ×10-3 mol/L of phosphate, less than 1.4 ×10-3 mol/L of Ni and 1.8 

×10-5 mol/L of Fe. In the case of option 3, EDTA, phosphate and Ni 

concentrations are about two to three times higher. The effluent coming from 

option 2 can be reused in the leaching stage of the spent catalyst, after correcting 

the EDTA concentration with recovered and some fresh EDTA, with a purge to 

avoid the accumulation of contaminants, or appropriately treated and disposed. In 

option 1, the final solution contains Ni and EDTA at a proportion of 1:1 and 

concentration of about 6 ×10-3 mol/L. 

All the proposed processes were based on precipitation operations that occur at 

room temperature; this is an important advantage when thinking in the scale-up of 

the process because it is based on simple and economic viable unit operations. On 

the other hand, the main difficulty might be the control of the optimal amount of 

Fe addition to maximise Ni recovery and avoid excessive contamination of the 

solid, which requires control of the EDTA concentration in solution. 

The final solid of nickel phosphate can be used in electroplating processes as a 

source of both Ni and P (Matsushima 1978). Nickel phosphate is also useful in 

cathode electrodes (Lee et al. 2011), catalysts (Samadi–Maybodi et al. 2011) and 

as an inorganic pigment (Onoda et al. 2007). Nickel hydroxide is usually applied 

in electrochemical cells and batteries or used as an intermediate to produce 

catalysts and nickel powder. 

 

6.5 CONCLUSIONS 

After the second leaching of the spent Ni-Mo catalyst using aqueous EDTA, it 

is necessary to recover Ni from the final solution that also contains Al and Mo. 

The pH for EDTA precipitation was optimised in order to maximise further 

separation of Al and Mo from Ni. At pH = 1, 80% of EDTA was precipitated, 

followed by precipitation of Al and Mo (recovery of 94 and 67%, respectively) at 

pH 5. From this point, three options for recovering Ni, as a salt, were studied. The 

first consisted on a second EDTA precipitation at lower pH, followed by Ni 

precipitation, as Ni(OH)2, by increasing the pH; the second and third ones 

involved sequential addition of Fe3+ and phosphate ions, with and without the 

second EDTA precipitation step, respectively. The addition of Fe induces the 
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substitution of Ni in the EDTA complexes, leaving Ni free to precipitate with the 

phosphate, which maximises Ni recovery. 

 The highest Ni recovery was 93%, as nickel phosphate, with a purity ≥ 96% in 

the sequence involving second EDTA precipitation, where 70% of the remaining 

EDTA was recovered at pH 0.4, followed by addition of Fe3+ and precipitation as 

nickel phosphate. However, this option has the highest reagent consumption. By 

suppressing the second EDTA precipitation, nickel phosphate was recovered with 

lower yield and purity (82 and 94%, respectively). In the case where Ni was 

precipitated as Ni(OH)2, nickel recovery only reached 70%, with purity ≥ 97%; 

still, this possibility has the lowest reagents consumption. 

In the two options that included phosphate addition, the analysis of the 

obtained solid suggests Ni3(PO4)2 stoichiometry and the proposed process is clean, 

with almost no generation of residues, since the precipitated EDTA can be 

recycled into the leaching stage and the Fe recovered, as a solid, can be reused as 

iron source. 
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7. R_]ov_ry of m_t[ls from 
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Leaching of Ni from spent Ni-Mo catalyst was studied in Chapter 5 using 

either EDTA or H2SO4 solutions. Despite the fact that the use of EDTA resulted 

in a more selective extraction, the presence of a strong chelating agent 

complicates the recovery of Ni from solution, as discussed in Chapter 6. The use 

of H2SO4 leaching solution allows a more complete extraction of Ni, with the 

disadvantage of dissolving a very high quantity of Al and some Mo. 

As an alternative to traditional separation methods such as precipitation, 

solvent extraction or carbon adsorption, in this chapter, the recovery of metals 

from the acid solution obtained after leaching a Ni-Mo catalyst was studied using 

molecular recognition technology (MRT). MRT has been showing encouraging 

results in the separation of metals from aqueous streams so the possibility of using 

such technology in the treatment of spent catalysts was assessed. 
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7.1 MOLECULAR RECOGNITION TECHNOLOGY 

MRT has been gaining a lot of attention during the last decades. It started with 

the research in synthesis of crown ethers, in the late 1960s, that showed promising 

results in selective complexation of cations and culminated with the award of the 

Nobel Prize in chemistry in 1987 to Pedersen, Lehn and Cram, three of the main 

contributing scientists (Glennon 2000, Izatt 1997). The concept of this technology 

is basically “host-guest” chemistry: the design of macrocycle molecules with 

determined cavity sizes and shapes that can suit the selected cation diameter and 

thus influence complexing properties (Bradshaw et al. 2000, Glennon 2000, Izatt 

et al. 2000). Binding such ligands to silica or polymeric supports for solid phase 

extraction (SPE) has the main advantages of forming a permanent bond; thus, the 

system can be used multiple times without loss of the macrocycle and allows the 

concentration of ions by eluting with small volumes of solution (Izatt 1997). In 

addition, the product can be packed in fixed-bed columns for continuous operation 

at full-scale. The comparison with other traditional separation processes like 

precipitation, ion-exchange and solvent extractions shows that SPE-MRT can 

overcome problems like low selectivity in the recovery and low purity of the 

products, organic contamination of streams, large space requirements, slow 

kinetics and treatment of low concentrated streams (Izatt SR et al. 2012, Izatt et al. 

2011). The high selectivity of MRT compared to other methods can be explained 

by the multiple parameters that affect the binding (ion radius, coordination 

chemistry, geometry, charge). Thanks to this specificity, there are several MRT 

products commercial available, adequate for different cations, depending on the 

purpose of the process. 

Quite a few studies can be found in the literature and full-scale processes, that 

use SPE-MRT to separate, recover or refine metal ions from different streams, are 

already implemented. Refining of platinum, rhodium and gold, uranium removal 

from mining solutions, cesium and technecium removal from wastewaters, 

removal of nickel, lead, bismuth or cobalt in the presence of other metal cations 

are examples of applications (with interest or already implemented) that use SPE-

MRT (Adu-Wusu et al. 2006, Belanger 2008, Hassan et al. 2002, Izatt et al. 2012 

NE, Izatt et al. 2011, King et al. 2005, Navarro et al. 2012). 
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7.2 EXPERIMENTAL 

7.2.1 R_[g_nts [n^ m[t_ri[ls 

Synthetic solutions of Ni, Al and Mo were prepared from Ni(NO3)2·6H2O, 

Al2(SO4)3·16H2O and Na2MoO4·2H2O, respectively. The initial pH was 

controlled through the addition of concentrated H2SO4. Aqueous solutions 

prepared from analytical grade HNO3 (65%) and NaOH were used in the elution 

studies. 

The real solution was obtained after the second leaching stage of spent Ni-Mo 

catalyst. Briefly, the catalyst was roasted in air at 500 ºC and leached with NaOH 

0.25 mol/L (Chapter 3); the remaining solid was separated, dried and treated with 

H2SO4 0.8 mol/L in a thermostatic bath at 80 ºC, for 4 h (Chapter 5). The solution, 

previously separated by filtration, had a final pH of 1.2 and contained 2.3 × 10-2 

mol/L of Ni, 4.2 × 10-1 mol/L of Al and 4.0 × 10-3 mol/L of Mo.  

The MRT product chosen was SuperLig® 167 from IBC Advanced 

Technologies, Inc (American Fork, Utah, US). The product was in the form of 

dark brown beads, 0.5 mm, made of polyacrylate, to which the ligand has been 

chemically attached. Chemical composition of the product is trade secret. 

 

7.2.2 B[t]h t_sts 

Synthetic solutions were used in all the experiments performed in batch. 

Samples of 0.1 g of SuperLig® 167 resin, as received, were rigorously weighted 

to 50 mL flasks and synthetic solution, with a defined pH, was added to perform 

s/l of 10 g/L. The flasks were shaken in an incubator at 25 ºC, 150 rpm. After 24 

h, the solution was separated from the resin, by filtration, and final pH was 

verified. Initial and final concentrations were analysed by AAS-FA. The quantity 

of metal adsorbed per mass of resin (qe) was calculated according to Eq. (7.1), 

where C0 and Ce are the initial and equilibrium metal concentration (mmol/L), m 

is the mass of resin (g), V is the volume of solution (L) and qe is the equilibrium 

adsorption capacity (mmol/g). 

 

�� = (��	�
)�
   (7.1) 
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To study the elution of metals, the resin obtained after filtration was carefully 

washed three times with deionised water, avoiding the loss of loaded resin. After 

separation of water, solutions of HNO3 or NaOH at various concentrations were 

added to make s/l = 20 g/L and the flasks were shaken for 24 h. The solution was 

then separated by filtration, making sure that all the liquid was recovered, through 

the washing of the solid with water, and volume was made up to 25 mL in a 

volumetric flask. Using this procedure, it was possible to calculate the exact mass 

of metals eluted using AAS-FA analysis. 

 

 ADSORPTION ISOTHERMS 7.2.2.1

For adsorption isotherms, Ni concentration was varied between 1 and 20 

mmol/L at 25 ºC. Langmuir and Freundlich isotherm models were tested in the 

experimental data obtained. Langmuir isotherm (Eq. 7.2) assumes adsorption on 

homogeneous surface (monolayer) with negligible interaction between adsorbed 

molecules and allows the estimation of maximum metal uptake (qmax) and 

Langmuir constant (kL)  

 

�� = ������	�

�����
  (7.2) 

The linear form of the Langmuir isotherm is shown in Eq. (7.3). Based on this 

equation, it is possible to represent the experimental points in a plot Ce/qe vs. Ce 

and calculate the model parameters by the linear method. 

 

�

�
 = �

������	� �

���� (7.3) 

On the contrary, Freundlich isotherm (Eq. 7.4) applies to adsorption on 

heterogeneous surfaces. Freundlich constant (kF) and n are Freundich parameters 

that can be estimated from experimental data by adjusting the linear form of the 

equation (Eq. 7.5). Values of n greater than 1 indicate favourable conditions for 

adsorption. 

�� = ����� ��  (7.4) 

log �� = log �� � �
� log �� (7.5) 
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 ADSORPTION KINETICS 7.2.2.2

Kinetic studies were conducted in 500 mL glass flasks. About 2.25 g of resin 

were rigorously weighted into the flask and 200 mL of 20 mmol/L Ni solution 

were added. Samples of 1 mL were taken at different intervals of time and 

respective concentration was measured by AAS-FA. Langergren pseudo-first 

order (Eq. 7.6) and type I pseudo-second order (Eq. 7.8) models were fitted into 

the experimental points using linear regression (Eq. 7.7 and 7.9, respectively). 

 

Langergren pseudo-first order: 
 �!
 ! = ��(�� " �#) (7.6) 

log(�� " �#) = log �� " �$
%.'(' )  (7.7) 

Type 1 pseudo-second order: 
 �!
 ! = �%(�� " �#)% (7.8) 

#
�! = �

�*	�
* � #
�
 (7.9) 

 

7.2.3 Column stu^i_s 

The potentiality of using the process in continuous mode was assessed through 

studies performed in a glass column with adjusting top screw (di = 15 mm, h = 

250 mm). A rigorous amount of resin (6 g) was weighted and transferred to the 

column with water. Diluted HNO3 was passed through the column and left during 

24 hours to allow expansion; maximum bed volume was 23 cm3. Solutions were 

fed from the top of the column at defined flow rates that were varied between 1.00 

and 2.10 mL/min, using a peristaltic pump MS-Reglo (Ismatec, Switzerland). 

Samples from the outlet solution were collected at different intervals during 

a defined period of time (3 to 6 min, depending on the flow rate) to measure 

metals concentration, by AAS-FA, and pH. Elution of retained metals was 

conducted in down-flow mode, with either NaOH or HNO3; in order to calculate 

total recovery, both samples collected during the experiment and total effluent 

obtained were analysed by AAS-FA. 
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All the experiments were performed, in triplicate, at room temperature. Each 

experiment was executed following the sequence: 

- Load: before passing the leaching solution, the column must be acid; 

otherwise, Al will precipitate. When necessary, 20 mL of a diluted 

H2SO4 solution (0.05 mol/L) were passed through the resin to lower the 

pH. The solution (synthetic or real) was fed to the column. 

- Pre-elution wash: first, 20 mL of H2SO4 acid were used in order to 

avoid precipitation of Al present in the column. Then, 80 mL of water 

were passed through the column. 

- First elution + wash: the acid or alkaline solution was fed to the top of 

the column; 80 mL of water were used to wash the column after the 

elution stage. 

- Second elution (when applicable) + wash: similar to first elution. 

The resin, present in the column, was not changed throughout the work; so, 

after elution, it was washed and reused for the next experiment. A total of twelve 

experiments were conducted with the same material. 

 

  THOMAS MODEL 7.2.3.1

The equation used to describe the experimental data was based on the Thomas 

model (Eq. 7.10), where C0 and C are the inlet and outlet metal concentration 

(mmol/L), respectively, kT is the Thomas rate constant (L/(mmol min)), Q is the 

volumetric flow rate (L/min), qmax is the exchange capacity of the bed (mmol/g), 

m is the amount of resin in the column (g), and V is the total volume treated at 

each time (L). 

 
�
�� = �

��+,-	./01 (����	���)2
 (7.10) 

This model is empirical and one of the most used models to describe column 

processes. It assumes Langmuir kinetics of exchange/elution process, no axial 

dispersion and that the rate driving force obeys second-order reaction kinetics 

(Thomas 1944). 
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Linearization of the equation facilitates the calculation of the kinetic parameter 

kT and the qmax from a plot of ln[(C0/C)−1] versus t at a given flow rate and initial 

concentration. 

 

ln 4��� " 16 = �0����
7 " �0��

7 8#9# (7.11) 

 

7.3 RESULTS AND DISCUSSION 

7.3.1 B[t]h stu^i_s 

 ADSORPTION ISOTHERMS 7.3.1.1

The analysis of equilibrium data is important on the design of adsorption and 

ion-exchange processes because it allows developing an equation that represents 

the interaction between the metal ion and the solid surface. Hence, theoretical 

models are typically adjusted to experimental data to predict the extent of 

adsorption/exchange in the system. 

The solution obtained after leaching the spent catalyst with H2SO4 has a pH 

close to 1 and contains a high concentration of Al. For that reason, pH should not 

be increased to values above 2 - 2.5 because Al will precipitate and drag Ni with 

it, as it was verified experimentally. In agreement to that, the pH of the solution 

was varied between 0.5 and 2. No significant changes of the capacity of the resin 

to retain Ni were observed between the different experiments (Figure 7.1-A, white 

bars); so, pH = 1 was chosen to perform the equilibrium studies. 

The variation of qe, after 24 h, with Ni concentration (s/l = 10 g/L, pH = 1) is 

shown in Figure 7.2. Langmuir and Freundlich isotherms were adjusted to the 

experimental results. While Langmuir model assumes a monolayer adsorption, 

Freundlich is interpreted as sorption to heterogeneous surfaces or surfaces 

supporting sites of varied affinities. The parameters of each model were calculated 

by the respective linear plots (Eq. 7.3 and 7.5) and the obtained values are 

presented in Table 1. The maximum capacity of the resin, calculated by the 

Langmuir model, was 1.43 mmol/g; however, the experimental points seem to 

stabilise around 1.1 - 1.2 mmol/g. The fact that the value for n calculated from the 

Freundlich model was higher than 1 indicates favourable conditions for 
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adsorption. From the analysis of the correlation coefficient of the linear regression 

fitted to the data points for both models and the observation of Figure 7.2, it can 

be concluded that the Langmuir model adjusts better to the experimental data than 

Freundlich. 

 

Figure 7.1. Capacity of the resin to retain: A. Ni  (C0 = 20 mmol/L) at different pH values in the 
absence and in the presence of Mo (C0 = 4 mmol/L) and Al (C0 = 20 mmol/L); B. Ni (C0 = 20 

mmol/L) and Mo at different concentrations. Each bar represents the average of three independent 
experiments with respective standard deviation. 

 

When compared to other resins, the value for Ni capacity is within the range of 

typical values, with the advantage of being efficient at low pH; in most of the 

studies with ion exchange, very acidic conditions are unfavourable to Ni retention 

(Dizge et al. 2009, Juang et al. 2006, Li et al. 2012). 
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Table 7.1. Langmuir and Freundlich isotherm parameters for Ni-SuperLig®167 system at pH = 1. 

Langmuir Freundlich 

qmax 

(mmol/g) 
kL 

(L/mmol) 
Linear r2 kF 

(mmol/g) 
n Linear r2 

1.429 0.339 0.977 0.319 1.72 0.954 

 

 

 

Figure 7.2. Comparison between experimental points (pH = 1) and calculated isotherms for Ni-
SuperLig®167 system. Each point represents a single experiment. 

 

 EFFECT OF Mo AND Al ON Ni BINDING 7.3.1.2

Although the resin has proven to fulfil the requirement to retain Ni, the goal 

was to treat the solution that also contained Mo and Al. 

For a solution containing simultaneously Ni, Al and Mo at concentrations close 

to the ones expected in the leaching solution (see section 7.2.1), the capacity of 

the resin to retain Ni was not affected (analysis of variance with 95% confidence 

level) when compared to the absence of these metals (Figure 7.1-A). The 

concentration of Al in the solution remained unaltered, which indicates that its 

retention by the resin was null; however, Mo was bound to the resin together with 

Ni. 

At pH = 1, it was confirmed that the retention of Mo increased continuously 

with Mo concentration both in the presence (Figure 7.1-B) and absence (data not 
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shown) of Ni; however, even for higher concentrations of Mo in the solution, the 

capacity of the resin for Ni remains unaltered. These results support a different 

mechanism of retention for Ni and Mo. The actual mechanism by which Ni is 

being held by the resin cannot be discussed in detail due to trade secret 

composition of the resin. Nonetheless, it is known that this product was designed 

to bind selectively with some metal cations due to the presence of ligand(s) 

chosen based on their properties, namely the ability to form complexes with metal 

ions. The ligand bonded covalently to the solid support of the SuperLig® resin 

binds Ni2+ as a neutral uncharged ligand. Also, it has no affinity for Al3+ due to 

the absence of retention. Mo has a more complex chemistry because it is 

commonly in the form of Mo(VI) and, in solution, it forms the molybdate ion 

(MoO4
2-). A possibility for the retention of Mo can be the binding of molybdate to 

the already complexed Ni; however, Mo retention by the resin was observed 

experimentally even in the absence of other metals in solution. In acid solution, 

such as the case of the leachate, Mo is present in the form of polymolybdates 

negatively charged (Aveston et al. 1964) that can be retained by the resin through 

anion exchange and not because it has affinity with the ligand and is “stealing” Ni 

sites. This is in agreement with the results obtained and can be an explanation 

about what is occurring during the experiments. 

 

 KINETICS 7.3.1.3

The evolution of the Ni retention through time was studied in four experiments 

from two independent solutions. Experimental points (example of one 

experiment) are represented in Figure 7.3 and show that after 24 h the retention 

process was already stabilised. Nevertheless, the rate of Ni retention does not 

seem very fast. The kinetics of an adsorption/exchange process is affected by 1) 

the mass transfer of the ions through the solution to the liquid thin layer that 

surrounds the particle; 2) mass transfer of the ions through the thin layer to the 

solid surface; 3) internal diffusion of the ions and 4) rate of the reaction. Pseudo-

first order and type I pseudo-second order kinetic models were adjusted to the 

experimental points through the respective linear plots; both models assume that 

the reaction rate is the limiting step in the mechanism. The calculated parameters, 
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obtained by adjusting Eq. 7.7 and 7.9 to data from four independent experiments, 

are presented in Table 7.2. Both models represent well the experimental data as it 

can be seen for the proximity of the r2 and by observation of Figure 7.3. The value 

for qe, predicted by the pseudo-second order model, is higher, which is more in 

agreement with the value calculated from Langmuir isotherm model. 

The influence of the presence of Mo on the kinetics of Ni retention was also 

evaluated (data not shown) but the comparison with the already obtained results 

did not show significant differences, which supports the hypothesis of different 

binding mechanisms. 

 

Table 7.2. Reaction-based kinetic parameters for Ni- SuperLig®167  system at pH = 1. 

First-order Second-order 

qe 

(mmol/g) 

k1 

(min-1) 
Linear r2 qe 

(mmol/g) 
k2  

(g/mmol min) 
Linear r2 

1.037 2.42×10-3 0.960 1.275 1.95×10-3 0.958 

 

 

Figure 7.3. Comparison between experimental points (pH = 1) and calculated kinetic models for 
the Ni-SuperLig®167 system (C0 = 20 mmol/L). This is a typical example of an experiment 

performed four times. 

 

 ELUTION 7.3.1.4

The fact that both Ni and Mo were retained by the resin is a drawback in the 

recovery of Ni with high purity. Mo is soluble in alkaline solution and, even when 

in the presence of strong complexants, it is present in the free form, as MoO4
2- 
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(Kula 1966). On the other hand, at high pH, the Ni binding to the resin might have 

two fates: (i) it is stable in this medium and Ni remains complexed with the ligand 

or (ii) Ni is removed and precipitates due to its insolubility at pH above 8. In acid 

solution, both metals are soluble; still, they might need different acidities to be 

eluted. Therefore, alkaline and acid elutions at different concentrations were 

studied to assess a possible separation of both metals by performing the elution in 

two stages. 

Firstly, HNO3 elution was studied by varying its concentration (Figure 7.4-A). 

Mo was more likely to solubilise in lower acid concentration (1 to 2 mol/L) than 

Ni; however, the separation was not effective as Ni was also partially eluted. 

When HNO3 concentration was higher than 3 mol/L both metals were efficiently 

solubilised, with recoveries above 95%. Although these recoveries correspond to 

good results, separation of Ni and Mo is not feasible under the present conditions. 

The second approach consisted of varying the concentration of NaOH solutions 

(Figure 7.4-B). It was verified that Mo was removed efficiently for concentrations 

equal or higher than 0.25 mol/L, while Ni remained in the resin (less than 1% 

lost). For that reason, a two-stage elution process, where the first step happens in 

alkaline medium and the second one under acid conditions, was tested. A second 

elution with HNO3 4 mol/L was able to remove Ni and the remaining Mo that, in 

the cases of the first elution with [NaOH] ≥ 0.25 mol/L, was below 5% of the total 

retained. 

 

 

Figure 7.4. Recovery of Mo and Ni (C0 = 4 and 20 mmol/L, respectively) after elution with A. 
HNO3; B. NaOH. Each point represents the average of three replicates; standard deviations were 

below 5% for Mo and 2% for Ni. 
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7.3.2 Column stu^i_s 

The successful design of the process requires the study of the concentration 

profiles and elution to evaluate the kinetics in continuous mode and determine 

what is the optimum volume of solution to be treated for maximum separation. 

 

 RETENTION OF METALS 7.3.2.1

Synthetic solutions were prepared to match the metal concentrations predicted 

after acid leaching of the catalyst (2.3 × 10-2 mol/L of Ni, 4.2 × 10-1 mol/L of Al 

and 4.0 × 10-3 mol/L of Mo) and the pH was adjusted to 1. The flow rates studied 

were 1.0, 1.5 and 2.1 mL/min, which correspond to 0.17, 0.25 and 0.35 mL/min/g 

of resin. For each flow rate, three experiments were executed, but only one of 

each is represented in Figure 7.5, as an example. Figure 7.5-A represents the 

variation of the ratio between the metal concentration in the outlet (C) and inlet 

(C0) with time and Figure 7.5-B was normalised to the volume of solution passed 

through the column. The observation of Figure 7.5 shows that the higher flow rate 

was not efficient because the concentration of Ni in the outlet started to increase 

just after the beginning of the experiment. The lower flow rate, 1.00 mL/min, 

permitted the efficient treatment of a larger volume of solution, due to the more 

accentuated breakthrough curve. The passage of the liquid in a slower mode 

allowed a better retention in the beginning of the experiment, which decreased the 

loss of Ni to the outlet solution. 
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Figure 7.5. Ratio between the concentrations of Ni and Al in the outlet, C, and inlet, C0  A. vs. 
time or B. vs. volume of solution passing through the column (pH = 1, C0 = 2.3 × 10-2, 4.2 × 10-1 
and 4.0 × 10-3 mol/L of Ni, Al and Mo, respectively). These are typical examples of experiments 

performed three times. 

 

At the end of the experiment, the amount of Ni retained by the resin was 

calculated from the concentration measurements (Table 7.3) by estimating the 

area above the breakthrough curve; qexp values, around 1.3 mmol/g, are in 

agreement with the values predicted by the isotherm and kinetic models, 

calculated from batch experiments. After all, the adsorption capacity was the same 

for the three flow rates tested. For 2.1 mL/min, the saturation of the binding sites 

occurred after more volume of solution was treated, but higher speed of the liquid 

was a disadvantage in the process of metal retention. The solid lines in Figure 7.5-

A are the representation of Thomas model (Eq. 7.10) after adjusting it to the 
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experimental data. The qmax estimated from the linear regression was very close to 

the value calculated experimentally (Table 7.3). The kinetic parameter, kT, 

decreased with the increasing flow rate, especially for 2.1 mL/min. In most 

studies, the variation is in the other way around; this lower value obtained for 2.1 

mL/min can be explained by the rapid increase in the outlet concentration in the 

beginning of the experiments that translates into a slow kinetics of exchange. For 

higher kT, the breakthrough curve is more accentuated and this is why the 

estimated rate parameter had a higher value for the lowest flow rate (Table 7.3). 

 

Table 7.3. Capacity of the resin, Thomas parameters, volume of solution treated corresponding to 
[Ni]/[Ni]0 = 0.10 and respective percentage of retained Ni. Values with standard deviation were 

calculated from three independent experiments. 

Q, mL/min 
qexp 

(mmol/g) 

Thomas parameters 

V, mL 
Retained 

Ni,% 
qmax 

(mmol/g) 

kT  

(L/(mmol 
min)) 

1.00 1.38 ± 0.04 1.36 8.02×10-4 231 ± 25 97 ± 2 

1.50 1.27 ± 0.04 1.31 7.80×10-4 141 ± 21 96 ± 3 

2.10 1.28 ± 0.06 1.32 7.02×10-4 61 ± 9 94 ± 2 

 

 

The comparison of the volume of solution treated, by establishing a goal of 

[Ni]/[Ni]0 = 0.10, is presented in Table 7.3. The flow rate of 1.0 mL/min was able 

to treat almost 4 and 1.6 times more solution than 2.1 and 1.5 mL/min, 

respectively. 

For Al, the concentration in the outlet increased from the beginning of the 

experiment and C/C0 rapidly reached 1. Al was not retained by the resin, which is 

in agreement with the results obtained in the batch experiments and fulfils the 

requirement of Ni and Al separation. The results for Mo are not represented in 

Figure 7.5 because the concentration of Mo in the outlet was zero throughout the 

experiments, which translates into 100% of retention. Depending on the volume 

of solution treated, the amount of Mo retained varied between 0.45 and 0.55 

mmol/g of resin, a value that is close to the one obtained in batch (0.4 mmol/g) for 

[Mo] = 4.0 × 10-3 mol/L (Figure 7.1-B). Although the retention of Mo was 
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anticipated by the batch results, it forces the separation of both Mo and Ni to 

obtain independent solutions containing each pure metal. 

 

 ELUTION 7.3.2.2

During column experiments, both Ni and Mo were retained by the resin. An 

acid elution, using HNO3 4 mol/L, removed efficiently both metals (Figure 7.6); 

however, the solution containing Ni and Mo must be treated to recover each metal 

separately, as the concentration peaks are coincident. 

 

 

Figure 7.6. Elution profiles of metals (retained as referred in Figure 7.5) with HNO3 4 mol/L. This 
is an example of an experiments performed two times. 

 

The batch studies (Figure 7.4) indicated that Mo and Ni retained in the column 

could be separated by two-step elution: the first step using an alkaline solution 

and the second one using an acid solution. 

Elution with NaOH was studied at two different concentrations, 0.10 and 0.25 

mol/L with a flow rate of 2.1 mL/min. Results (Figure 7.7-A) show that, although 

both led to a good recovery of Mo (99-100%), the higher NaOH concentration 

allows a more defined peak, which results in more concentrated Mo solution, as 

well as faster processing. Elution with NaOH proved to be effective in removing 

Mo, with no trace of Al found in the solution, while leaving Ni still bound to the 

resin. During the second step (acid elution), a HNO3 solution of 4 mol/L removed 

Ni efficiently. Both flow rates tested were efficient regarding Ni recovery; 

however, the flow rate of 2.1 mL/min led to a more defined peak concentration 
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(Figure 7.7-B), which has advantages in operation time and further recovery of the 

metal. 

Considering the results described above, a process comprising the treatment of 

the leaching solution at 1.0 mL/min followed by a first elution with NaOH 0.25 

mol/L and a second one with HNO3 4 mol/L, both using a flow rate of 2.1 ml/min, 

is proposed. 

 

 

Figure 7.7. Elution profiles (retention as referred in Figure 7.5) of: A. Mo with different 
concentrations of NaOH at 2.1 mL/min; B. Ni with HNO3 4 mol/L at different flow rates. This is a 

typical example of an experiments performed four times. 
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7.3.3 R_[l solution [n^ fin[l pro]_ss 

To validate the results, the solution obtained from the second leaching of a 

spent Ni-Mo catalyst (H2SO4 0.8 mol/L, 80 ºC, 4h) was passed through the 

column at 1.00 mL/min. The results are in agreement with those obtained using 

synthetic solutions (Figure 7.8). The ratio [Ni]/[Ni]0=0.1 was achieved after 

treating 230 mL of the leaching solution with Ni and Mo retentions of 97 and 

100%, respectively. 

 

 

Figure 7.8. Comparison between synthetic (C0 = 2.3 × 10-2, 4.2 × 10-1 and 4.0 × 10-3 mol/L of Ni, 
Al and Mo, respectively) and real solution (C0 = 1.9 × 10-2, 1.7 × 10-1 and 2.2 × 10-3 mol/L of Ni, 

Al and Mo, respectively). This is an example of an experiment performed two times. 

 

Mo was recovered through NaOH elution. Due to the acidity of the leaching 

solution, and even though the resin was washed with water after the experiment, 

the column was still acid; so, the first 30 min of the elution with NaOH 0.25 

mol/L were used for its neutralisation (Figure 7.9-A). From that point, the pH 

increased as well as the solubilisation of Mo. After 80 minutes, the recovery of 

Mo from the resin achieves (100 ± 2)%, with a purity of 99.8%. The second 

elution step, with a solution of HNO3 4 mol/L at 2.1 mL/min, led to (90 ± 4)% 

recovery of Ni, after 60 minutes, with a purity of 98.7% (Figure 7.9-B).  
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Figure 7.9. Elution profiles of metals after experiment with real solution (Figure 7.8) using two 
sequential steps (flow rate 2.1 mL/min): A. first step with NaOH 0.25 mol/L; B. second step with 

HNO3 4 mol/L. This is an example of an experiment performed two times. 

 

A flow sheet of the final proposed process is presented in Figure 7.10. Spent 

catalyst was treated with a H2SO4 solution of 0.8 mol/L, at 80 ºC for 4 h, that 

dissolves 95, 60 and 34% of Ni, Al and Mo, respectively (Chapter 5). The solution 

was then passed through a column packed with SuperLig® 167 that was able to 

treat 38.4 mL/g of resin at a flow rate of 0.17 mL/min/g of resin. The volume was 

chosen to avoid excessive loss of Ni into the outlet solution, therefore maximizing 

its recovery. Since all Mo and 97% of Ni were retained, the outlet solution was 

mostly Al that can be recovered through precipitation as aluminium hydroxide, by 

increasing the pH to 4. 
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Figure 7.10. Flow sheet of the proposed process to recover Ni, Mo and Al from spent Ni-Mo 
catalyst. 

 

Mo was entirely recovered by alkaline elution with practically no co-extraction 

of Ni. From this solution, Mo can be recovered as a solid product by precipitation 

(Chen et al. 2006, Evans 1998, Pinto and Soares 2013, Swinkels et al. 2004) or 

deposition of molybdenum oxides (Banica et al. 2009, Kusnetsov et al. 2004, 

Sinkeviciute et al. 2011). The second elution with HNO3 managed to recover (90 

± 4)% of the retained Ni, which corresponds to a total recovery of 83% of Ni from 

the spent catalyst. Recovery, as solid hydroxide, is possible by increasing the pH 

to 8. 

All the column experiments were performed without changing the resin, with 

no consequence in the efficiency of retention. The product life of SuperLig® 167 

has been tested (Belanger 2008) and showed promising results for application in a 

commercial process. Pilot and industrial scale experiments of similar processes 

have been studied with good results that show applicability of the proposed 

process to recover metals from spent HDS catalysts (Belanger 2008, Izatt et al. 

2011). 

 

7.4 CONCLUSIONS 

Molecular recognition technology was applied to recover metals from a H2SO4 

leachate that contains Ni, Mo and Al, obtained after the treatment of a spent Ni-

Mo catalyst. SuperLig® 167 was the product chosen, with the goal of binding Ni 

selectively. 
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Batch tests showed a good affinity of the product to Ni, in acid medium, with a 

maximum capacity of 1.35 mmol/g of resin, calculated from equilibrium 

(Langmuir) and kinetics (pseudo-second order) modelling to experimental points 

at pH = 1. Separation of Al in excess was efficient; however, Mo was held by the 

resin, even though it did not affect the capacity of the resin for Ni due to different 

exchange mechanisms. 

Column studies were performed at three different flow rates (1.0, 1.5 and 2.1 

mL/min). It was concluded that the lower flow rate was better to treat a higher 

volume of solution due to a more accentuated shape of the breakthrough curve. At 

1.0 mL/min, corresponding to 0.17 ml/min/g each gram of resin treated almost 40 

mL of solutions which resulted in: 

- Removal of 97 and 100% of Ni and Mo, respectively, from the 

solution, leaving only Al with a purity of 99.3%. 

- Recovery of 100% of Mo by elution with NaOH 0.25 mol/L that led 

to a solution with 99.8% purity. 

- Recovery of 90% of retained Ni by elution with HNO3 4 mol/L, with 

a final purity of 98.7%. 

 The use of SuperLig® 167 to treat the leaching solution of spent HDS 

catalysts was able to recover the metals into three pure solutions, which seems to 

be a suitable process to treat acid leachates from HDS catalysts. 
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From Chapters 3 to 7, the leaching and recovery of metals from spent Ni-Mo 

HDS catalyst was studied in order to create a global process to treat this type of 

residues.  

In this Chapter, the two alternatives addressed in Chapters 6 and 7 are 

discussed and compared and the global process is applied to a different HDS 

catalyst that also contains cobalt. 
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8.1 GLOBAL PROCESS 

Figures 8.1 and 8.2 represent the global process, considering the second 

leaching step with either EDTA or H2SO4, respectively. In both figures, the 

recovery of Mo after the first leaching stage is suggested, as SrMoO4, as an 

example where the final solution can be reintroduced in the process; PbMoO4 can 

be also an option accordingly to what is discussed in Chapter 4. In the case of 

EDTA leaching, the Ni recovery sequence chosen was the one with higher yield 

and purity. 

Extensive economic analysis and comparison was not performed due to the 

absence of data, like energy consumption of operations, such as microwave 

leaching, and some industrial prices of reagents that would be essential to a 

meaningful analysis. Nevertheless, some discussion, presenting advantages and 

disadvantages, is introduced. 

When it comes to the actual leaching stage, even though the solution of EDTA 

used was less concentrated, the price may not compensate its use because the 

cost/kg of H2SO4 is around 10 times lower. However, EDTA was precipitated and 

can be reused in the process (although not completely, due losses of mass and 

efficiency), which can balance the costs. When choosing the leaching solution, it 

is also important to take into account that leaching with EDTA affects the 

efficiency of Ni recovery. 

The subsequent separation and recovery steps are very dissimilar in the two 

proposed cases: while one proposes simple precipitation operations the other 

introduces more recent technology. 

The sequence of metals recovery from the EDTA solution contains several 

steps at various pH which increases acid and base consumption. In comparison to 

the process from H2SO4 solution, for the treatment of the same volume of 

solution, the acid consumption of the second was actually higher due to elution 

with concentrated acid, which still has to be neutralised if recovery of Ni as a 

solid is intended. Thus, when it comes to reagents, the costs of the H2SO4 option 

are higher. It must not be forgotten that, in both cases there are compounds that 

can be reutilised, such as Fe, and the resin can be used multiple times. The higher 

cost of reagents when H2SO4 was used can be compensated by the separation of 
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the three metals into three different solutions with higher purity and yield than in 

the EDTA situation. Besides, this option has the advantage of not introducing new 

contaminants to the solution; when EDTA was used, the final effluent still 

contains the chelant which forces the adequate treatment. 

In both cases, the final solid residue after two-stage leaching contains 40% of 

Al with around 2% of Mo and 0.7% of Ni. The independent recovery of Al from 

this final residue is not considered to be economically attractive and the best 

option is to sell the residue to aluminium smelters. 

In the present chapter, the process represented in Figure 8.2 was applied to a 

spent HDS catalyst containing cobalt, referred as Co-Mo catalyst. 

 

8.2 EXPERIMENTAL 

The spent HDS catalyst, provided by a Portuguese refinery, has a trilobe 

extrudate shape and particle lengths varied between 2 and 8 mm with average 

value of 4.2 mm and particle diameter of 1.2 mm. After roasting (500 ºC, 90 min), 

the composition of the catalyst was according to that presented in Table 8.1. The 

several stages of the process were performed as previously described in the 

respective chapter, identified in Figure 8.2.  

The catalyst was submitted to an alkaline leaching, using NaOH 0.25 mol/L 

and conventional and microwave heating methods were applied. The second 

leaching stage was studied in the catalyst resultant from the alkaline leaching, 

dried at 105 ºC. Aqueous solutions of H2SO4, with 0.4 and 0.8 mol/L, were 

applied using both heating techniques, and the separation and recovery of metals 

was studied with SuperLig® 167 (IBC Advanced Technologies, Inc). 



 

 

 

 

 

Figure 8.1. Process of leaching (NaOH followed by EDTA) and metals recovery from spent catalysts; η(metal) indicates the yield based on the mass of 
metal in the initial roasted catalyst. 



 

 

 

Figure 8.2. Process of leaching (NaOH followed by H2SO4) and metals recovery from spent catalysts; η(metal) indicates the yield based on the mass of 
metal in the initial roasted catalyst. 
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Table 8.1. Chemical composition of the spent catalysts after roasting (500 ºC, 90 min). 

Catalyst Weight loss, % 
Wt. % of roasted sample 

Mo Al Ni Co V Fe 

Co-Mo 14.5 12.0 26 0.91 1.7 <0.04 0.13 

 

 

8.3 RESULTS AND DISCUSSION 

Compared to the Ni-Mo catalyst, studied in the previous chapters, this one has 

the challenge of containing one more metal, Co, in significant quantity. 

 

8.3.1 @lk[lin_ l_[]hing 

Computer simulations based on species equilibrium in aqueous solution, using 

the MINEQL+ software, were performed considering a s/l of 50 g/L and the total 

amount of each metal present in the Co-Mo catalyst. Mo quantity is very similar 

to the present in the Ni-Mo catalyst, whereas Al and Ni were slightly lower. These 

differences did not significantly change the species distribution diagrams (Figure 

8.3), so the conclusions are the same as for Ni-Mo catalyst: a pH range between 8 

and 10.5 can theoretically extract Mo, while Al and Ni remain as oxides in the 

catalyst. For Co, which only exists in the Co-Mo catalyst, the species distribution 

diagram is shown in Figure 8.3-D. This figure shows that, in aqueous solution, Co 

has a comparable behaviour to Ni and starts to be solubilised for pH values lower 

than 8.5. 

 

 



8. Glo\[l pro]_ss [n^ tr_[tm_nt of Co-Mo ][t[lyst 

 

171 

 

Figure 8.3. Species distribution diagrams. A. Mo (6.3×10-2 mol/L), B. Ni (7.8×10-3 mol/L), C. Al 
(4.7×10-1 mol/L) and D. Co (1.5×10-2 mol/L). The different species of metals in solution were 

calculated with a chemical equilibrium computer program (MINEQL+). 
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The results of the Mo extraction from both catalysts, using thermostatic bath 

performed at 25 and 80 ºC and NaOH solutions, confirmed that the type of 

catalyst did not have a significant influence (Table 8.2). For Al, the percentage of 

dissolution was superior; however, this result is misleading because it was due to 

the lower Al content present in the Co-Mo catalyst. When absolute values were 

compared, no significant differences were recorded at 25 ºC; at 80 ºC, this value 

was higher for the Co-Mo catalyst. 

The concentrations of Ni and Co in the leaching solution were below the 

detection limits of AAS-FA, which means that their removal from the catalyst was 

not significant and did not reach values higher than 0.4 and 0.5%, respectively. 

Applying microwave-assisted leaching, with NaOH 0.25 mol/L, similar values 

were attained for both catalyst types (Table 8.2), except for Al, after four cycles, 

which had a higher value even when corrected by the content in the catalyst (data 

not shown). 

The alkaline leaching using NaOH proved to be valid to extract Mo selectively, 

not only over Ni but also in the presence of Co. The solution after leaching spent 

Co-Mo catalyst is very similar to that obtained when treating Ni-Mo catalyst; this 

way, Mo and Al can be separated and recovered through the process described in 

Chapter 4. 

 

Table 8.2. Comparison of Mo and Al extraction and selectivity (Mo/Al), between the two methods 
used (s/l = 50 g/L, NaOH 0.25 mol/), for two different catalysts (Ni-Mo and Co-Mo). Standard 

deviations were calculated based on the results of three independent experiments. 

Method Conditions 
Ni-Mo Co-Mo 

Mo, % Al, % Mo/Al Mo, % Al, % Mo/Al 

Bath 
25 ºC, 2 h 63 ± 4 6.9 ± 0.3 3.8 60 ± 6 8.4 ± 0.5 3.3 

80 ºC, 2 h 77 ± 4 7.3 ± 0.8 4.3 84 ± 4 11.1 ± 0.2 3.6 

Microwave 
2 cycles 79 ± 2 6.7 ± 0.2 4.5 77 ± 3 8.1 ± 0.3 4.4 

4 cycles 89 ± 2 5.7 ± 0.3 6.0 91 ± 2 8.8 ± 0.3 5.0 
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8.3.2 @]i^ l_[]hing 

For the second leaching stage, both H2SO4 and EDTA were studied in the Ni-

Mo catalyst (Chapter 5). Complexation between Co and EDTA is very similar to 

the system with Ni, which would make the recovery of metals much more 

difficult. Replacement with Fe followed by phosphate addition would result in a 

mixed solid of Co and Ni that would have to be ressolubilised in order to separate 

both metals. Thus, only the process with H2SO4 was applied to Co-Mo catalyst. 

Before this stage, the catalyst contained 2.3, 1.04, 2.2 and 33 wt.% of Co, Ni, Mo 

and Al, respectively.  

 

 

Figure 8.4. Extraction of metals from spent Co-Mo catalyst with H2SO4 0.4 mol/L (A,C) or 0.8 
mol/L (B, D) using conventional (A, B) or microwave-assisted (C,D) method; s/l = 50 g/L, 80 ºC 

in conventional and cycles of 30 s each in microwave method. Each point represents the average of 
three independent experiments with respective standard deviations.  
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and, for that reason, the extraction of Ni seemed to be efficient using less 

concentrated H2SO4 (0.4 mol/L) (Figure 8.4-A,C). The dissolution of Co appeared 

to increase when H2SO4 concentration changed from 0.4 (A,C) to 0.8 mol/L 

(B,D). 

However, in this catalyst, the standard deviations obtained for Ni and Co 

results are higher than the typical values obtained throughout the work (Table 

8.3). These large standard deviation values might be caused by the fact that the 

Co-Mo catalyst provided for this work is not homogeneous in terms of its 

composition. After the first leaching stage, the heterogeneity of the catalyst was 

visible (Figure 8.5), with greener particles, similar to the Ni-Mo catalyst, that 

must be mainly consisted by nickel oxide (besides alumina), and darker parts, 

corresponding to the presence of cobalt oxide. This mixture explains the less 

reproducible results for Co and Ni. Mo and Al contents in the catalyst were more 

consistent, which resulted in standard deviations equivalent to the ones calculated 

for Ni-Mo catalyst (Table 8.3). Due to the variability of the results, there are no 

significant differences in the efficiency of Ni and Co leaching between 

conventional (Figure 8.4-A,B) and microwave (C,D) methods and it is difficult to 

optimise leaching duration. Based on the results, the variance between 1 h or 1 

cycle, depending on the method, and 4 h/cycles do not seem to be significant. 

When it comes to Mo and Al leaching, H2SO4 concentration has a stronger effect 

than the actual heating technique. Besides, longer heating times, combined with 

more concentrated H2SO4, greatly enhanced Al extraction. 

 

 

Figure 8.5. Catalyst appearance through the various stages of the process. 
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The comparison of the results from the two studied catalysts (Table 8.3) 

showed that the use of H2SO4 0.8 mol/L was efficient in dissolving the target 

metals (Ni and Co). The co-extraction of Al was very high, which is in agreement 

with the conclusions obtained in Chapter 5, leading to a final solution with a large 

quantity of this metal. For the Co-Mo catalyst, the percentage of Mo was higher 

than for the Ni-Mo catalyst, possibly due to the slightly lower content of Mo after 

the first stage. 

 

Table 8.3. Comparison of metals extraction, between the conventional (s/l = 50 g/L, 80 ºC, 4 h) 
and microwave (s/l = 50 g/L, 4 cycles of 30 s each), for two different catalysts (Ni-Mo and Co-

Mo). Standard deviations were calculated based on the results of three replicates 

Method 
H2SO4, 
mol/L 

Ni-Mo Co-Mo 

Ni, % Al, % Mo, % Ni, % Co, % Al, % Mo, % 

Bath 
0.4 76 ± 3 28 ± 2 11 ± 2 104 ± 6 86 ± 5 36 ± 1 34 ± 5 

0.8 95 ± 3 60 ± 2 34 ± 2 97 ± 11 103 ± 9 67 ± 1 47 ± 3 

Microwave 
0.4 80 ± 2 34 ± 1 29 ± 1 93 ± 8 80 ± 8 33 ± 1 32 ± 6 

0.8 90 ± 2 68 ± 4 31 ± 1 101 ± 11 91 ± 5 54 ± 3 61 ± 2 

 

 

8.3.3 S_p[r[tion [n^ r_]ov_ry of m_t[ls using MRT 

SuperLig® 167 was proven to separate efficiently and with high purity the 

metals from the acid leachate of spent Ni-Mo catalyst (Chapter 7). In the Co-Mo 

case, there is an extra metal, Co, which complicates the separation, especially due 

to similarities to Ni when it comes to physico-chemical properties. The resin was 

first studied with synthetic solutions with Co or Ni, in terms of equilibrium and 

kinetics. Then, column studies were performed with solutions that represent the 

one obtained after leaching Co-Mo catalyst with H2SO4 0.8 mol/L in a 

thermostatic bath (80 ºC, 4 h): 2.0 × 10-2 mol/L of Co, 1.0 × 10-2 mol/L of Ni, 4.1 

× 10-1 mol/L of Al and 5.7 × 10-3 mol/L of Mo. 
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 EQUILIBRIUM AND KINETICS 8.3.3.1

Experiments with solutions containing only Co were first performed, in order 

to test the interaction between the metal and the resin. Crescent concentrations of 

Co were put into contact with the resin, at s/l = 10 g/L and pH = 1, the same way 

as it was done for Ni (section 7.2.2) The equilibrium capacities, after 24 h, 

calculated from Eq (7.1) are represented in Figure 8.6, together with Ni for 

comparison. For the same values of concentration in equilibrium, the quantity of 

Co retained by the resin was lower than for Ni, however, if the concentration was 

high enough, the capacity seemed to achieve similar values, close to 1.2 mmol/g 

of resin. When Langmuir isotherm model (Eq. 7.2 and 7.3) was adjusted to these 

experimental points, the obtained parameters were: qmax = 1.45, kL = 0.119. The 

value for qmax was very similar between both metals and the differences in kL are 

explained by the visible divergence in the graphic. 

 

 

Figure 8.6. Comparison between experimental points (pH = 1) and calculated isotherms for Co (or 
Ni)-SuperLig®167 system. Each point represents a single experiment. 

 

The two metals, Co and Ni, were simultaneously placed in contact with the 

resin, varying the concentration of each between 10 and 20 mmol/L. When initial 

Co concentration was constant at 10 or 20 mmol/L (Figure 8.7-A), the increase in 

the initial Ni concentration made the retention of Co to decrease significantly; so, 

the more Ni was present, the less efficient was Co removal from solution. 
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Considering the results when the metals were separated, where the resin showed 

good affinity for both, this interference effect was expected. Similarly, Ni 

retention was affected by the presence of Co (Figure 8.7-B), although the decrease 

of q was less abrupt, especially for lower metals concentration. In the experiments 

where [Co]0 = [Ni]0  the percentage of Ni bonded to resin was higher than the 

respective value for Co, and in the case where [Co]0 = 2[Ni]0, the calculated value 

for q was comparable for the two metals. Such results indicate that in the presence 

of both metals, the resin has the tendency to prefer to bond with Ni, perhaps 

because of its slightly lower ionic radius. This is not particularly advantageous to 

treat the acid leaching solution from the catalyst, because Co exists in excess over 

Ni (approximately 2 times), so both will be retained by the resin and not 

separated. It was verified that the sum of q(Co) and q(Ni) for each experiment was 

always between 1 and 1.3, which basically is the maximum experimental capacity 

of the resin, observed for Ni and Co separately. This confirms that Ni and Co are 

being bonded by the same mechanism. In the presence of Mo, the values for Ni 

and Co were not affected (data not shown), even though Mo was removed from 

solution, due to a different retention mechanism discussed in Chapter 7, section 

7.3.1. 
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Figure 8.7. Capacity of the resin (pH=1) to retain: A. Co at different Ni concentrations; B. Ni at 
different Co concentrations. Each bar represents the average of three independent experiments 

with respective standard deviation. 

 

Kinetic behaviour of the system was studied in a solution containing Ni and Co 

in the same quantity, with an initial concentration of [Ni]0 = [Co]0 = 20 mmol/L. 
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(Figure 8.8) show that the shape of the curves was similar between metals, but Co 

concentration started to stabilise earlier, while Ni was retained during more time 
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experimental points. The values for qe predicted were 0.679 and 0.535, for Ni and 

Co, respectively, performing a total that agrees with the total capacity of the resin. 

  

 

Figure 8.8. Comparison between experimental points (pH = 1) and calculated kinetic models for 
the Ni-Co-SuperLig®167 system with [Ni]0 = [Co]0 = 20 mmol/L This is a typical example of an 

experiment performed two times. 
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like in the situation where Co was not present, Al was not retained by the resin 

and was detected in the outlet solution from the beginning of the experiment. Mo 

was not detected in any of the collected samples; so, all Mo that entered the 

column was retained by the resin. Co and Ni were retained efficiently in the first 

120 mL, when C/C0 reaches 0.1 for both metals, but then the concentrations in the 

outlet solution started to increase. At this point, 97, 96 and 100% of Co, Ni and 

Mo were removed from the solution. The comparison with the situation studied in 

Chapter 7, with only Ni, Al and Mo, shows that in the present experiment the 

increase in the concentration of Co and Ni occurs much earlier, due to the 

presence of the other metal. The shape of the Ni curve shows a slower increase of 

the concentration in the outlet solution than Co, which is in agreement with the 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 500 1000 1500 2000

q,
 m

m
ol

/g

t, min

Ni

Co

2nd order



8. Glo\[l pro]_ss [n^ tr_[tm_nt of Co-Mo ][t[lyst 

 

180 

equilibrium and kinetic results that evidence a better affinity of the resin to Ni, 

when the metals are simultaneously present. At the end of the experiment, the 

quantity of metals that were retained (qexp) were 0.469 mmol/g of Co and 0.554 

mmol/g of Ni, which are not very different from the values obtained in similar 

concentrations in batch. The sum of both values (1.023) shows that the resin is 

almost in its full capacity, but Ni was still being removed by the resin at the end of 

the experiment, because C/C0 did not reach 1. 

The resin was significantly less efficient in terms of volume treated (20 mL/g) 

when compared to the case with absence of cobalt (40 mL/g), for a goal of C/C0 = 

0.10. An explanation for this behaviour can the fact that the present solution was 

more concentrated, when the sum of Co and Ni is considered; so, for each unity of 

volume the mass of metals retained was higher. 

 

Figure 8.9. Ratio between the concentrations of Co, Ni and Al in the outlet, C, and inlet, C0, vs. 
volume of solution passing through the column (pH = 1, C0 = 2.0 × 10-2, 1.0 × 10-2, 4.1 × 10-1 and 
5.7 × 10-3 mol/L of Co, Ni, Al and Mo, respectively). This is a typical example of an experiment 

performed three times. 
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Chapter 7, was applied. The first elution consisted in using and alkaline solution 

to remove Mo. Experiments were performed with NaOH 0.25 mol/L at a flow-rate 
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began to being eluted from the resin. The calculated recovery was 92 ± 5% and 

purity of Mo solution was 98.5%. 

The second elution stage was performed with HNO3 4 mol/L and a flow-rate of 

2.1 mL/min. As seen in Figure 8.10-B, the typical concentration profile shows that 

Co and Ni were eluted at the same time. Co produced a sharper peak of 

concentration, while Ni elution originated a wider peak, a variance that might be 

due to slight different bonding strength to the resin. Recoveries of Ni and Co were 

(80 ± 1)% and (65 ± 6)%; these values are lower than those calculated in the 

elution of Ni during the treatment of Ni-Mo catalyst. The resin was able to 

completely separate Al and Mo from the Co and Ni, but these last two still remain 

together and need a subsequent separation step, that can be based on solvent 

extraction or a more specific resin, so they can be obtained with high purity. 

 

Figure 8.10. Elution profiles of metals (retained as referred in Figure 8.9) using two sequential 
steps (2.1 mL/min): A. first step with NaOH 0.25 mol/L; B. second step with HNO3 4 mol/L. This 

is a typical example of an experiment performed three times. 
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8.4 CONCLUSIONS 

Two processes to recover metals from spent Ni-Mo catalyst were proposed and 

compared, consisting of two leaching stages and subsequent recovery from 

solution. Since the process, where an alkaline leaching stage followed by and acid 

one, resulted in a more efficient recovery of metals, it was applied to a Co-Mo 

catalyst that, besides Ni, Al and Mo also contains Co. 

First leaching with NaOH 0.25 mol/L led to similar results to the Ni-Mo 

catalyst, which proves the effectiveness of the process when dealing with a 

different catalyst. Again, microwave-assisted leaching demonstrated to be 

advantageous over conventional leaching, by dissolving more Mo and decreasing 

Al co-extraction. 

Leaching of metals during the second leaching step, with H2SO4 0.8 mol/L also 

led to analogous results to the Ni-Mo catalyst. Ni and Co removals were high, but 

Mo and especially large quantities of Al were also dissolved. This generated a 

solution containing four metals that was treated with SuperLig® 167. 

SuperLig® 167 showed to have similar affinity to Ni and Co, but when the two 

metals were together in solution, there was some preference for Ni. Due to this 

situation, in the experiments performed in continuous, Ni and Co were both 

retained by the resin, together with Mo. Each gram of resin was able to treat 20 

mL of solution, removing 97, 96 and 100% of Co, Ni and Mo, respectively, and 

leaving Al in solution with a purity of 99.5% in terms of metal content. Elution 

with NaOH 0.25 mol/L recovered about 92% of Mo with 98.5% purity. A solution 

of HNO3 4 mol/L was able to elute 80 and 65% of Ni and Co, respectively, 

without contamination of Al and Mo. 

The process developed for a Ni-Mo catalyst was successfully applied for a Co-

Mo catalyst; however, the final separation and recovery of both metals was not as 

efficient as in the first case and the solution obtained must be treated to separate 

Ni and Co. 
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9. Con]lusions 

 

 

9.1 MAIN CONCLUSIONS 

The extraction of metals from a spent Ni-Mo catalyst, used in a petroleum 

refinery, was studied in two different leaching stages, to achieve a more selective 

extraction, and the respective metals were recovered from the leachates. 

The catalyst, mainly consisted by Mo, Al and Ni, was roasted at 500 ºC, to 

oxidise metals and make them more easily solubilised. The first leaching step was 

studied using NaOH solutions, with the goal of recovering Mo over Al and Ni. 

Conventional heating method using a bath was compared to ultrasound- and 

microwave-assisted techniques. Conventional leaching at 80 ºC and NaOH 0.50 

mol/L led to 92% of Mo extraction; however, 20% of Al was also dissolved. By 

decreasing NaOH to 0.25 mol/L, a more selective leaching of Mo was attained, 

though the yield was affected: 77% Mo, 7% Al. The employment of ultrasonic 

waves resulted in similar metal recovery to conventional leaching at 25 ºC, but 

with shorter processing times. For microwave leaching, using NaOH 0.25 mol/L, 

Mo dissolution was 89%, after 4 heating cycles (30 s heating + cooling), with only 

6% of Al removed, resulting in a more selective and enhanced Mo leaching than 

the conventional method. These were the conditions chosen to be the best option 

to proceed to the recovery. Even though some Al was solubilised, the use of 

alkaline solutions led to a selective extraction of Mo over Ni. In conclusion, the 

use of ultrasound did not contribute to an increase in efficiency, but microwave 

heating led to a faster and more efficient process as well as a more selective 

dissolution of Mo over Al due to the use of less concentrated leaching solutions. 

In order to recover metals from the solution after microwave-assisted leaching, 

Al present was firstly precipitated at pH 8. Recovery of Mo was studied by 
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precipitation in the form of a salt of strontium or lead molybdate. The first 

allowed a recovery of 96%, as tetragonal SrMoO4 with 99% purity; the option 

with lead resulted in a recovery of 99.9%, as tetragonal PbMoO4, with a purity of 

99.5%. 

The second leaching stage was first tested using H2SO4 solutions for 

recovering Ni. Both conventional and microwave heating were performed, giving 

similar results: 90 - 95% of Ni and 60 - 68% of Al were leached from the catalyst. 

In order to achieve a more selective removal of Ni, EDTA solutions were studied 

as well. Using the conventional method, maximum recovery of Ni was 40%. 

When microwave heating was applied, removal of Ni was enhanced and best 

results were obtained for 4 cycles (1 min heating + cooling) and EDTA 0.1 mol/L: 

80% of Ni and 2.8% of Al were removed. Again, microwave-assisted leaching 

showed to have advantages in selective metal extraction due to the ability of using 

less concentrated and/or aggressive solutions and shorter processing times. 

Depending on the solution chosen for the second leaching stage, EDTA or 

H2SO4, different approaches were studied for the metal recovery process. 

Different precipitation sequences were applied to the EDTA solution in order to 

find an effective way of recovering Ni. The best recovery of Ni from solution was 

93%, obtained through a sequence that involved two EDTA precipitation steps at 

pH ≤ 1 with precipitation of Al and Mo at pH 5 between both, followed by 

sequential addition of Fe3+ and phosphate ions. The addition of Fe induces the 

substitution of Ni in the EDTA complexes, leaving Ni free to precipitate as 

phosphate at pH 9, which maximises Ni recovery. 

Resin SuperLig® 167, based on MRT, was studied in the recovery of metals 

from the acid leaching solution. Both batch and continuous experiments showed a 

good capacity to retain Ni (1.35 mmol/g) and separation from Al was efficient. 

However, Mo present in solution was bonded together with Ni, a problem that 

was overcome by a two-stage elution sequence. SuperLig® 167 was able to treat 

40 ml/g of leaching solution and to recover the metals into three solutions: Al in 

the raffinate, Mo in alkaline elution and Ni in acid elution, with high yield (99.7, 

100 and 87%, respectively) and purity (99.3, 99.8 and 98.7%, respectively). 

When comparing the two options for the second leaching stage, the use of 

EDTA has the advantages of being less corrosive than mineral acids and being 
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recycled; however, the overall efficiencies were lower and several precipitation 

steps were needed due to the presence of a strong complexing agent. H2SO4 is 

cheaper and led to better extractions and good separation of the three metals 

present in solution, but large quantities of strong acids are needed for the process. 

The second process was chosen to be applied in a different catalyst that, besides 

Mo, Al and Ni, also contained Co. Both leaching stages, performed in the 

optimised conditions for Ni-Mo catalyst, proved to be efficient. However, final 

separation with SuperLig® 167 had some drawbacks for this case: lower volume 

treated, less efficient elution and inability to separate Co from Ni. 

The final proposed processes have reduced effluent generation and the metal 

compounds produced from a secondary resource can be used in other applications. 

The usage of a microwave-assisted method for metal leaching from spent HDS 

catalysts resulted in higher dissolution of target metals using more mild 

conditions, which allowed higher selectivity, as well as lower processing times. 

 

9.2 FUTURE WORK 

Microwave-assisted leaching applied to spent HDS catalyst was one of main 

novelties of this work. It proved to be efficient in leaching the target metals from 

the catalyst using shorter times and more mild conditions than conventional 

heating. However, the real applicability of the process needs to be tested in a 

larger scale, in equipments more similar to what would be used in industrial scale, 

with pressure and accurate temperature measurements, to evaluate efficiency and 

compare costs with traditional processes. 

 

 
 
 

 

 
 


