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Critical Elements: Opportunities for Microfluidic Processing and 
Potential for ESG-Powered Mining Investments  

Tu Nguyen Quang Lea, Quy Don Trana, Nam Nghiep Trana,b, Craig Priestc,William Skinnerc, Michael 
Goodsitea,e, Carl Spandlerd,h, Nigel John Cookd,e,f, Volker Hessela,g 

Critical minerals are those containing elements, typically metals, and element allotropes, which have an irreplaceable role 

in the ongoing revolution in technology and manufacturing needed to progress society to a high-tech, clean energy future. 

The global market for critical minerals is highly vulnerable due to supply chain monopoly risks. Moreover, the mining, 

processing and refining of these elements involves substantial environmental and health risks, including, but not limited to, 

ecosystem degradation, chemical pollution, and hazards related to chemical and particulate exposure. Countries such as 

Australia, therefore, have developed national critical minerals strategies, which include investment in research to develop 

improved recovery methods and processing technologies. Australia has escalated continuous flow chemistry and critical 

minerals as critical priorities of national interest. In lieu of this, this review paper assesses the role of solvent extraction and 

other processing innovations using microchannel systems for recovery of critical minerals. Microfluidic devices have 

captured worldwide attention for miniaturising the reactor dimension and, hence, providing huge potential to advance 

application of chemical processes that require precise control, enhanced mixing and rapid reactions. For minerals processing, 

continuous-flow operation can lead to advantages for extraction efficiency, processing time (productivity), and selectivity. 

Thus, this review summarises the up-to-date extraction performance of microfluidic devices along classes of critical minerals, 

as defined by their grouping in the periodic table. Attention is given to the fluidic concept used, e.g. the flow patterns, and 

how the microfluidic system is configured. From there, the achieved performance is reviewed, both for model and real world 

extractant solutions; the latter including multiple minerals and issues of selectivity. Finally, a proposed recommendation is 

that microfluidics use should aim to impact the whole processing and supply chain, and to support and contribute to ESG 

(Environmental, Social, Governance) profiling, a crucial demand faced by the mining industry. The enabling technologies not 

only have potential to change the environmental profile, but will also require highly skilled and trained workforce, and hence 

can create new employment opportunities.

Introduction 

What are the critical elements? 

Based on their different uses and the needs of individual 

countries or territories, critical elements (often referred to as 

critical minerals) can be defined in various ways 1. They have an 

irreplaceable role in the world’s major and emerging 

economies. Currently, factors such as geological scarcity, 

geopolitical issues, and trade policies pose a severe risk to world 

supply 2. However, the most important and common factor 

defining elements as “critical” are the risks to global supply 

chains needed for metallurgical processing and refining to 

commercial products 3. According to Geoscience Australia, the 

following elements are ranked as most critical by the US, Japan, 

Korea, European Union, and UK: rare earth elements (REE), 

cobalt (Co), niobium (Nb), magnesium (Mg), molybdenum (Mo), 

gallium (Ga), indium (In), tungsten (W), vanadium (V), platinum-

group elements (PGE), antimony (Sb), tantalum (Ta), tellurium 

(Te), chromium (Cr), lithium (Li), nickel (Ni), and manganese 

(Mn) (Fig. 1) 4, 5.  

Critical elements, mostly metals and semi-metals, are used in 

the manufacture of high-tech applications such as smart devices 

(e.g. mobile phones, computers, monitors), wind turbines, solar 

panels, electric cars, light bulbs, photovoltaic cells, generators, 

and automobile exhaust catalytic converters 1, 6-8. Other fields, 

such as electronics, specialist materials (alloys, glass, ceramics), 

catalysts, medical applications and the defence sector, also 

depend on critical elements 1. 

Seventy elements from across the periodic table can be found 

in a single mobile device (Fig. 2). Whereas a mobile phone is a 

good example of the vast range of metals that go into a single 

piece of consumer electronics, the greatest demand for critical 

minerals is likely to be in the transition to renewable energy, 
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where critical minerals are essential components of batteries, 

photovoltaics, magnets for electric motors and wind turbines. 

Long-term strategic planning is currently being developed for 

the sustainable supply of these metals to meet future demand 
9. 

Fig. 1 Critical elements and their remaining reserves. 
Reproduced from ref.5 with permission from Wiley-VCH, 
copyright 2019. 

Fig. 2  Critical elements in a modern smart phone. Reproduced 

from ref.10 with permission from Elsevier, copyright 2020. 

Market share and supply risk of critical minerals 

The global reserves of critical elements are unevenly distributed 

between nations and territories. As shown in Table 1, a 

significant proportion of critical elements and major production 

lines are concentrated in countries such as China (Sb, Ba, F, Ge, 

In, Ti, Si, Mg, W, V, REE), USA (Be, He, Hf, B), South Africa (Mn, 

W, V, Zr, Cr, PGE), Brazil (Nb, Si, Ta), Russia (Hf, Sc), Australia (Li, 

Zr, U) and the D.R. Congo (Co). For example, 23 out of 35 

commodities recognised as critical minerals by the USGS pose 

“the greatest supply risk for the US manufacturing sector” 11. 

The US is heavily reliant on imports for 14 commodities and 

many of these are produced, refined and supplied by China 1, 11. 

The EU is also heavily dependent on the imports of critical 

minerals, such as rare earth magnets (98% from China), borate 

(98% from Turkey), and PGE (71% from South Africa)  12. 

In 2015, Graedel et al. proposed a definition of metal criticality 

based primarily on the possibility of supply disruption, the 

impact of a supply disruption, and the environmental 

implications of critical mineral supply 13. Supply vulnerability 

due to concentrated production is the most important factor 

which makes an element critical. Many critical minerals markets 

are also subject to risks and uncertainties due to price volatility 

and locking customers into high-price, long-term contracts 1. 

Other factors include: 

- the role of the mineral in crucial technologies and 

applications 

- the scarcity of the mineral resources 

- the ease of substitution of one mineral with another in 

its major applications 

- the dependence of a country or corporation on 

imports for supply 

- the monopoly of supplier countries or companies in 

terms of control of markets for processed/refined 

products 

- the imbalance between supply and demand in the 

market 

To reduce reliance on critical minerals imports, developed 

nations, especially those that cannot mine or produce critical 

elements directly, are examining recycling of waste as a 

valuable resource 1. There are also significant opportunities for 

countries with abundant reserves of critical minerals to expand 

their market share in this area by improving mining and 

processing technologies to produce higher value products for 

market. 

Critical minerals mining and processing 

The sources for critical elements can be divided into two major 

groups: primary sources and secondary sources. Primary 

sources refer to the mining and processing activities of minerals 

or mineral by-products originating from deposits mined 

underground or from surface. The typical procedure for 

producing minerals consists of six consecutive stages (Fig. 3): 

deposit exploration, mining, beneficiation, chemical treatment, 

separation and purification/refining. The schematic ignores the 

often lengthy pre-production feasibility and development stage 

that includes resource delineation, permissions, license to 

operate, ESG and much more. 

Fig. 3 Processing procedure for minerals from primary sources. 

Reproduced from ref.14 with permission from Frontiers, 

copyright 2014. 

For example, minerals containing REEs (e.g. bastnäsite, 

monazite, xenotime) are mined from open cut operations, 

including heavy mineral sands. The minerals containing REE are 

concentrated by physical separation (e.g. flotation, magnetic or 

gravity separation methods) followed by chemical treatment (or 

leaching). Individual REEs can be collected using separation 

methods and may then be further refined and purified. 
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Table 1  List of recognised critical elements in 2020 and their major suppliers; including 

Australia’s reserve potential 5, 15.

Element  Symbol 

Critical element List 2020 

Major ore producing nations 

in 2017 
EU USA 

Australia’s 

Geological 

Potential 

Major refining nations 

Antimony Sb   Moderate China (87%), Vietnam (11%) China, Kyrgyzstan, USA 

Baryte Ba  

China (44 %), India (18 %), 

Morocco (10 %) 

China 

Beryllium Be   Moderate USA (90 %), China (8 %) USA, Kazakhstan, China 

Borate B 
Turkey (38 %), USA (23 %), 

Argentina (12 %) 
Turkey, USA 

Cobalt Co   High 

D.R. Congo (64 %), China (5 %), 

Canada (5 %) 

China 

Fluorspar F  
China (64 %), Mexico (16 %), 

Mongolia (5 %) 
China 

Gallium Ga   High 

China (85 %), Germany (7 %)  

Kazakhstan (5 %) 

France, Japan, USA 

Germanium Ge   High 

China (67 %), Finland (11 %)  

Canada (9 %), United States (9 %) 

China 

Hafnium Hf   High 

France (43 %), USA (41 %)  

Ukraine (8 %), Russia (8 %) 

Australia, South Africa 

Helium He Moderate 

The USA (73 %), Qatar (12 %)  

Algeria (10 %) 

- 

Indium In   High 

China (57 %), South Korea (15 %), 

Japan (10 %) 

China 

Lithium Li   High 
Australia (43 %), Chile (32 %), 

Argentina (12 %) 
China 

Magnesium Mg   Moderate 

China (87 %)  

USA (5 %) 

China 

Manganese Mn  High 
South Africa (33 %), China (16 %), 

USA (14 %) 
South Africa 

Niobium Nb   High Brazil (90 %), Canada (10 %) Brazil 
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Phosphorus P  

China (58 %), Vietnam (19 %)  

Kazakhstan (13 %), USA (11 %) 

China 

Rhenium Re  Moderate 
Chile (52 %), Poland (17 %), USA 

(16 %) 
Chile 

Scandium Sc   High 

China (66 %), Russia (26 %),  

Ukraine (7 %) 

China 

Selenium Se 
China (28 %), Japan (23 %), 

Germany (22 %) 

China 

Silicon Si  

China (61 %), Brazil (9 %), 

Norway (7 %), USA (6 %), France 

(5 %) 

China 

Strontium Sr 
China (47%), Spain (28%), Mexico 

(22%); Argentina (3%)  
China 

Tantalum Ta   High 

Rwanda (31 %), D.R. Congo (19 %), 

Brazil (14 %) 

China 

Tellurium Te 

China (67 %), Sweden (10 %), 

Japan (9 %) 

China 

Tin Sn 

China (34 %), Myanmar (17 %),  

Indonesia (17 %) 

China 

Titanium Ti   High China (40 %), USA (19 %) China 

Tungsten W   Moderate 
China (53 %), South Africa (25 %), 

Russia (20 %) 
China 

Vanadium V   Moderate 
China (53 %), South Africa (25 %), 

Russia (20 %) 
- 

Zirconium Zr  High 
Australia (38 %), South Africa 

(25 %) 
- 

Platinum 

Group 

Elements 

(PGE) 

Pd, Pt, 

Rh, Ir, 

Ru, Os 

  High South Africa (83 %) South Africa 

Heavy REE 

Y, Eu, 

Gd, Tb, 

Dy, Ho, 

Er, Tm, 

Yb, Lu 

  High China (95%) China 
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Light REE 

La, Ce, 

Pr, Nd, 

Pm, Sm 

  High China (95%) China 

Uranium U  High 

Kazakhstan (42%), Canada (13%), 

Australia (12%) 

Australia, Canada, Kazakhstan 

Secondary sources refer to the recycling and collecting minerals 

from alternative sources such as ore tailings or e-waste. The 

four steps concerning the latter are collecting, dismantling/pre-

processing, processing, and recycling. For ore tailings and 

mineral by-products the final separation and purification steps 

apply as given in Fig. 3. 

To place the potential of primary and secondary sources into 

perspective, one should look at their absolute values. Taking the 

example of REE as per 2019, approximately 120 million tonnes 

of the global reserves are distributed around the globe, mainly 

in China, Brazil, Vietnam, Russia, India, Australia, Greenland, 

USA 2, 16. In 2019, over 200,000 tonnes of REE were produced 

from these primary sources, thus less than 0.2% of the reserve 
16. On the other hand, 1.96 million tonnes of REE are contained 

within 4.6 billion tonnes of mine tailings; thus almost 4% of the 

global reserve 16. In the same year, 53.6 million tonnes of e-

waste, with variable REE contents, were generated around the 

world 16-18. Typical e-wastes containing high concentration of 

REEs include permanent magnets (20-30% by weight), lamp 

phosphors (over 20%) and batteries, especially nickel-metal-

hydride batteries (over 10%). The cumulative REE contained in 

e-waste is, however, far lower in volume and weight than in 

mine tailings 19, 20. Although the quantity of secondary sources 

is significant, it is not deemed sufficient to replace primary 

sources for reasons of limited extractability and economics. 

Environmental impacts of metal ore mining and processing 

Environmental concerns causing by mining activities are primarily 

related to mine waste (overburden, and barren rock), damage to the 

natural landscape and acid mine drainage 21. Mining activity generate 

involves remove of large quantities of rock from the ground to obtain 

metal ore.  

Mineral processing activities generate hazardous waste, which, if 

poorly managed, can lead to soil, water and air pollution. Tailings and 

dump heap leach waste are produced from beneficiation plants, 

increasing in volume as ore grade decreases. Gaseous emissions, 

wastewater and solid wastes are produced from smelting and 

refining plants 22. For example, high SO2 outputs from nickel and 

copper smelting at Sudbury, Ontario, have led to acidification of soil 

and lake water near the smelters (pH values of 3-4 and 4-5, 

respectively) 23. The current technologies for refining minerals are 

effective for production of high purity metals but still require toxic 

and flammable chemicals and/or are difficult and expensive to 

automate. There is thus both an opportunity and a challenge to 

develop a greener and more sustainable route for refining, even if 

recycling activities may create pollution. A recent study showed that 

recycling of lithium-ion batteries used 38-45% more energy and 

released 16-20% higher greenhouse gas emissions than primary 

production 24. Thus, despite the promising economic and 

environmental value of recycling of critical elements from end-of-life 

products, there remains significant economic and technological 

factors to overcome to reach this potential 14, 25, 26. 

Strategy towards future critical elements 

The exploitation of critical minerals is a relatively recent endeavour 

for humankind, and therefore not as well developed as other 

commodities such as gold, silver, iron, copper or lead that have been 

mined for millennia. While critical mineral end-products carry a high-

value, they are commonly spread over many sites, occur in (often 

complex) mineral mixtures, and are accessible in only small ore 

volumes. Processing and refining facilities producing high purity end 

products tend to be concentrated in only a small number of 

countries, often allowing control or even manipulation of the global 

market.  

A significant shift in the geopolitical distribution of metallurgical 

facilities is required to correct the current untenable situation. 

Countries with critical mineral resource potential now aim to 

capitalise on the opportunity to develop a sustainable supply chain 

for critical minerals 2. In Australia’s case, only limited information is 

available on the concentration and deportment of critical minerals in 

most of the country’s currently exploited and future ores 2 In the 

absence of a commercial incentive, national strategies and priorities 

on mining have to set the tone for technology development, as 

relevant to this paper 27. Geoscience Australia have recommended 

research goals for the short-, medium- and long-term capitalisation 

on existing critical mineral opportunities (Table 2) 2. In the medium-

term, technological advances and the development of model supply 

scenarios are seen as the way forward, while in the long term, 

material flow analyses are intended to improve the robustness of 

critical assessments and understanding of the policy options for 

demand, supply, use and recycling. Increasing funding in 

geosciences, geochemistry and chemical engineering is a 

fundamental strategy to develop expertise and knowledge base to 

enable more efficient extracting critical minerals for meeting these 

goals 28. Further investments in technological advances for treating 

waste materials, developing urban mining techniques and 

alternatives for low abundance critical minerals should also be 

prioritised 29-31. The improvement in technologies also requires a 

skilled workforce for generating and maintaining a sustainable 

critical mineral supply chain 32. The final strategy that could impact 

the critical mineral economics of countries involves promoting the 

engagement of governments toward private companies in terms of 

reducing risks associated with mining and processing via stockpiling, 
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tax credits and loan guarantees based on the current status of the 

country 33. 
Table 2 Research agenda concerning critical minerals; based on 
the example of Australia (redrawn after 2). 

Medium-
term (4-8 
years) 

Undertake critical minerals systems studies 

Model supply scenarios 

Increase awareness of critical minerals 
opportunities for smelters/refineries 

Improve understanding of the metallurgical 
behaviour of critical minerals during ore 
processing 

Develop methods to recover critical minerals 
from mine waste 

Improve processing technology 

Long-term 
(8+ years) 

Conduct material flow analyses (MFAs) 

This review focuses on the medium-term solution of “Improving 

process technology”, which can catalyse the exploitation of both 

primary and secondary resources. As defined above and with 

relevance to this review, new extraction methods will need to be 

developed to recover critical minerals from mine wastes, such as 

tailings, smelter and refinery slags or residues 2. Those extraction 

methods require, first of all, innovative processing technologies to be 

generated by the research community, embraced by the Mining 

Equipment, Technology and Services (METS) sector, and 

implemented by end-users. 

This review aims to highlight research efforts that emphasize the 

major, hitherto unrecognised potential that microfluidic 

(continuous-flow) operations might play in the critical minerals 

space. These frontier technologies can overcome the limitations of 

conventional methodologies, including fast operation in confined 

spaces (e.g., underground), compatibility with varying 

concentrations of target elements, energy and water efficiency, 

reduction of expensive or toxic solvents, maintaining safe 

operational environments, better ESG profiles, and effective 

treatment of wastes to benign levels (e.g. radionuclides and other 

non-target components of the ore). Continuous flow chemistry is 

listed by Australia among its critical technologies and continuous-

flow processing is now used on an industrial scale in pharmaceutical 

processing. Given that continuous-flow has already proven to be 

efficient in solvent-based extraction for fairly concentrated high 

value materials, this paper reviews new applications of continuous-

flow processing in microchannel devices to critical minerals 

processing. 

Microfluidics for critical minerals 

Solvent extraction of critical minerals in microchannel systems 

Microfluidic devices are designed to surpass limitations of 

macroscopic chemical process systems by their intrinsic 

properties, e.g., high surface-area-to-volume ratio, and 

improved and controlled level of heat and mass transfer, etc. 34-

39. It is more than 30 years since the first microfluidics 

experiments were conducted, and today many types of so-

called microreaction technology devices have been developed 

and commercialised, differing in processing purpose, and 

microchannel shape and size 40.  

There has been extensive research effort in applications of 

microfluidic systems to liquid-liquid extraction of critical 

minerals. Table 3 outlines studies on the solvent extraction of 

different groups of critical elements via microchannel systems. 

Fig. 4 documents this broad diversity in the design and 

fabrication of microfluidic devices. They range from compact 

lab-on-the-chip devices to microfabricated channel plates and 

flow chemistry-microcapillaries (such as the coiled flow 

inverter, CFI) to large-scale industrial equipment such as the re-

entrance flow reactor from Corning® reactor 40-42. One example 

of the lab-scale Low-Flow reactor for the extraction of cobalt 

has been conducted by Wouters et al. 41. The Corning reactor 

module consists of 6 modules each with a long series of heart-

shaped channels (Fig. 4c) with an internal volume of 0.45 mL 

and can be operated under a flow rate between 120 and 1200 

mL/min. The laboratory module shown is milli-flow, thus the 

manufacturer calls their reactors “Advanced Flow” (and not 

microfluidic). The Corning production reactor module is scaled-

out in internal dimensions and can be assigned as a meso-flow 

reactor. 3D printing of microfluidic devices has greatly advanced 

microfabrication and design capabilities, and, with increasing 

innovation in printed materials, now allows on-the-spot 

creation of microdevices for fast screening of new microdevice 

designs 43-45. 

Alkali metals 

The majority of the world battery-grade lithium is produced from 

acid leaching of ores or precipitation from brines 46. These processes 

involve toxic chemicals, including acids for leaching/washing of 

lithium, and soda ash to produce lithium carbonate and they pose 

significant environmental risks 46. Trace impurities co-extracted with 

lithium in tailings, processed water, waste storage ponds may also 

adversely affect human health 47. Brine evaporitic technology may be 

an energy efficient method but it also impacts water usage and land 

subsidence 48, 49. Alternative technologies for water recycling, 

minimisation of waste, greater processing efficiency, and extraction 

of several materials from the same brine have been suggested to 

optimise current mining practices, protect the environment, and 

maintain the economic value. Microfluidics and flow technology may 

provide answers to these problems associated with lithium mining. 

Potential for microreaction technology As the number of discarded 

Li-containing devices increases and the price of the metal continues 

to climb, lithium recovery and recycling will soon become essential. 

Small-scale recovery processes need to be operable with various 

scenarios of achieving Li recovery from discarded electronic devices. 

The extraction-recovery of waste of Li-ion batteries, for example, 

contains multiple solutes, thus necessitating a knowledge of their 

impacts on extraction behaviour.
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Fig. 4  Microfluidics devices (from chip to industrial reactor): (a) 
3D printed microfluidic chip (Reproduced from ref.50 with 
permission from Wiley-VCH, copyright 2016) , (b) Coiled Flow 
Inverter as example for a flow chemistry capillary system 
(Reproduced from ref.51 with permission from Elsevier, copyright 
2017) (c,d) Commercial re-entrance flow meso-flow reactor as 
example for a high-productivity industrial flow equipment 
(Corning Company) (Reproduced from ref.41 with permission 
from Elsevier, copyright 2021). 

Table 3 Microfluidic systems for extraction of critical minerals

Group Metal Microfluidic principle Extractant Comment Ref. 

A
lk

al
i 

M
e

ta
ls Li Y-junction microchannel D2EHPA; EHPNA Slug flow 52

Li, Co Y-junction microchannel D2EHPA; D2EHPA-Na Slug flow 53

Cs Y-junction chip D2EHPA Slug flow 54

Tr
an

si
ti

o
n

 M
e

ta
ls

Cr, Cu Y-junction microchannel LIX84-IC 
bypassing the formation of a particle‐

stabilized crud 
55

Cr Y-junction microchannel Alamine 336 

a) two homogeneous phases, water 

is receptor phase. 

b) a heterogeneous system, where 

Shellsol D-70 and Alamine 336 as 

the selective extractant 

56

Co Y-junction microreactor 

2-nitroso-1-

naphthol; 

N,N-dimethyl-m-

aminophenol 

a) Mass transfer under a mixed 

reaction–diffusion resistance 

regime 

b) Co-2-nitroso-5-

dimethylaminophenol complex 

c) Co-2-nitroso-1-naphthol complex 

57-59

Co, Cu 
five inlets and two outlets 

microchip 
2-nitroso-1-naphthol 

multiphase flow network, continuous-

flow chemical processing on microchip 
60

(b)

(c)(a)

(d)
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Co, Ni 

a) Coiled flow inverter (CFI) 

b) Re-entrance flow microreactor 

c) Interdigital micromixer 

Cyanex 272; 

D2EHPA; 

PC88A; 

a) High extraction efficiency, high 

selectivity 

b) Real asteroid samples 

41, 51, 

61, 62

Co, Ni, 

Zn 
helical capillary microreactor D2EHPA Slug flow 63

Cu 

a) Y-junction microchannel 

b) Y-junction chip 

c) T‐junction microchannel 

d) Microchip 

DZ988N; 

LIX84-IC; 

AD-100; 

8-hydroxyquinoline 

a) Laminar flow pattern 

b) Study mass transfer coefficient 

c) pH study 

d) Metal ions extraction from 

particle-laden aqueous solutions 

e) Experimental mass transfer 

coefficient study 

f) Solvent extraction coupled with 

IDMS/ICP-MS 

64-69

Cu, Zn T-junction microchannel Dithiozone 
Slug flow, extraction-stripping 

microfluidic platform 
70

Cu, Fe, 

Zn 
Interdigital micromixer D2EHPA 

99% extraction efficiency in a single 

stage 
64

P
G

Es

Pt 
a) Multi-stream microchip 

b) Y-junction microchip 

Cyanex 572 

a) High throughput 

(up to 1 L/h for current platform) 

b) New type of contactor, two stage 

counter-current operation 

c) Modular scale up approach 

d) Extraction, striping and scrubbing 

on microchip 

71-74

Pt, Pd Y-junction microchip Alamine 336 
Extraction efficiency 99% for Pt and Pd 

and 90% Rh 
75

Si
lv

e
ry

 

M
e

ta
l Re Y-junction microchip Aliquat 336 

Extraction & Stripping coupled with 

ICP-MS 
76

In T-junction microchannel D2EHPA 77

R
EE

s

Microchannel HDEHP 

Slug flow, using laser micromachining 

to config inlet/outlet, TALSPEAK 

process 

78

Y, Eu, La Microchannel PC-88A Laminar flow 79

Pr/Nd, 

Pr/Sm 
Microchannel PC-88A 

Laminar flow, lighter element being 

transferred to organic phase 
80

Y 
e) Y-junction microchip 

f) T-junction microchip 
EHEHPA; PC-88A 

a) The specific interfacial area of the 

Y-junction serpentine 

microreactor is higher than that 

of the T-junction microreactor. 

b) Slug flow 

c) intermittent partition walls 

improve extraction efficiency 

81-83

La Y-junction microchip P507 Laminar flow 84

Ce, Pr 

a) 3 stages chaotic advection 

micro extractor 

b) Y-junction microchip 

P507 

a) Chaotic flow 

b) Slug flow, serpentine 

microreactor 

85, 86

Pr, Nd Y-junction microchip EHEHPA Slug flow 87

Eu Microchannel 
CMPO/TBP/ 

[C4mim][NTf2] 
Slug flow 88
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Nd 
a) Microchannel 

b) Y-junction microchip 
P507 

a) Slug flow, T-shape, G/O/W 

system 

b) Laminar flow 

89, 90

Gd Y-junction microchip MDEHPA Laminar flow, coupled with ICP-AES 91

Sm Y-junction microchip P507 Slug flow 92

HREEs 

and 

LREEs 

Y-Y microchip Cyanex 572 

a) Industrial leach solution 

b) High HREEs selectivity at pH = 0.7 93

H
e
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y 

e
le

m
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t

U 

g) Y-junction microchip 

h) Y-junction microchannel 

i) T-junction microchannel 

j) Flow-focus junction 

Tributylphosphate 

(TBP); Aliquat 336; 

a) Slug flow 

b) Laminar flow 

c) Continuous microfluidic 

extraction and direct 

precipitation 

d) Droplet-flow, lab-on-a-chip 

e) Extraction & Stripping coupled 

with ICP-MS 

f) Microbores tubes connected to T-

junction 

94-102

Fundamentals: mass transfer Muto et al. successfully extracted Li 

ions from the aqueous to organic phase through segmented flow in 

millimetre-diameter tubes 52. The high mass transfer coefficients of 

1.62 – 2.48 L/s were achieved by adjusting the pH of the feed solution 

for the extraction of Li+ with D2EHPA.The study showed that the flow 

conditions are dependent on the pH of the aqueous phase. The 

combined adjustment of the pH and the high mass transfer of the 

segmented flow led to greatly improved performance. 

Real-world readiness: multi-solute mixtures The majority of studies 

addressing liquid-liquid extractions in microreactors involve using an 

aqueous solution of a single metal ion. They are thus concerned with 

an ideal model situation, providing fundamental insights, yet being 

far from fit-for-purpose for industrial application. Fortunately, a few 

studies have considered multi-solute mixtures. Hirayama et al. used 

segmented-flow in microchannels to extract alkali metals in an 

aqueous phase and studied the selectivity of using the scavenger 

D2EHPA for separating Li+ and Co2+ in the feed solution 53. The 

volumetric mass coefficients of Co2+ and Li+ were on the same order 

of magnitude as given by other segmented-flow extraction systems, 

and D2EHPA had a higher ion affinity toward Co than Li. In the mixed 

system, the Co extraction yield increased with the increase of the 

D2EHPA concentration, whereas the selectivity decreased. 

Real-world readiness: intricate solutes A real-world problem of Li-

based recovery is that the separation of certain alkali metal ions 

operates with a poor separation factor. Optimisation of this 

deficiency can help the sustainability of Li recovery. Abdollahi et al. 

proposed a method for the efficient separation of species with low 

separation factors such as Ca2+ with the help of solvent extraction 

and microfluidic technology 103. The optimal point for extracting Ca2+

was identified to be an aqueous phase with a pH of 5.85, a DC18C6 

concentration of 0.014 M, and a flow rate of 20 μl/min. In this way, 

an extraction efficiency of 62% resulted. Furthermore, the overall 

volumetric mass transfer coefficients of 0.19 – 0.51 s-1 were two 

orders of magnitude higher than those of conventional liquid-liquid 

extraction. Using a different microfluidic set-up, but also aiming for 

microfluidic recovery of Li, Jahromi et al. found the extraction 

efficiency of Ca ions was close to 99% within an impressively short 

contact time of 1.5 s 104. 

Process development: productivity The most efficient operation 

mode of microfluidics is segmented flow with its high mass transfer 

capability that is known to enhance the extraction rate significantly 

in many cases. This can reduce both the size of process equipment 

and the volume of reagents needed for liquid-liquid extraction. On 

this basis, the rapid extraction of Cs+ from an aqueous phase was 

performed by plug flow via a microreactor with a wide range of flow 

rates (0-100 mL/h) 54. Compared to batch extraction dominated by 

turbulence mixing, the segmented-flow microreactor had an 

increased extraction rate and achieved extraction equilibrium within 

a short timeframe of 40 s. 

Transition metals 

Transition metals are also critical to the growth of technological 

innovation but many of these metals are mined as by-products. For 

example, 98% of cobalt production is derived as a by-product of large 

scale copper and nickel mining operations 105. Solvent extraction, if 

properly controlled, is often a preferred process for efficiently 

removing impurity and separating cobalt from leachate at both large 

and small plants. However, a serious problem with this technology, 

especially in larger plants, is the need to control pH at the extraction 

stage, and usually requires use of sodium-based neutralising agents 

such as NaOH and Na2CO3
106. As a result, processing plants need to 

invest in either costly dam linings or a (very expensive) process to 

recover sodium sulphate 107. There are similar issues when using 

ammonia as an alternative approach 108. Larger plants also 

experience problems of oxidation, degradation and crud formation 
106. For the use of solvent, cobalt-nickel extraction reagents such as 

Cyanex 272 are relatively expensive and need to be handled 

delicately while Cyanex 301 requires strict process control to prevent 
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the presence of ferric or copper ions in the feed which will poison the 

reagent 109. The fire risk and high cost of prevention measures are 

obvious drawbacks of the use of organic solvent in any extraction 

process, including the need to physically separate any units using this 

technology from the rest of the processing facilities Thus, it is 

essential to minimise the amount of solvent for extraction but still 

maintain efficiency and economic value. 

Modelling: predictability Microfluidics have given us the promise of 

predictability in the sense of coupling experiments with advanced 

modelling. In lieu of this, Barasauri et al. (2019) developed a 

predictive mathematical model as guidance for the design of 

microfluidic extraction of Cr (IV) from an aqueous phase using 

Alamine 336 as the extractant 56. Using a Y-Y shape micro-device, the 

experimental data fit to within 10% of the model data. 

Fundamentals: mass transfer and selectivity Microfluidics also have 

enormous potential for improving process intensification; meaning 

to be “greener, smaller, better, faster and cheaper110-114” (in simple 

terms), all of which are highly relevant for critical mineral extraction 

problems. In this sense, the separation of Co from Ni is a particularly 

challenging task, as these metals possess similar physicochemical 

properties and commonly coexist in nature (in sulphide ores). New 

technologies that can overcome the shortcomings of conventional 

methods is required for their extraction and separation. Zhang et al. 

(2014) obtained a higher extraction efficiency in a counter-current 

flow interdigital micromixer at pH equilibrium of 3.8 to 5.4 and a 

lower number of stages of extraction (McCabe Thiele) 62. A 

microscale coiled flow inverter (CFI) was utilised by Zhang et al. 

(2017) to generate segmented plug flow to achieve high extraction 

ability 51. This set-up exhibited much higher kLα of Co (0.26–0.017 s−1) 

and smaller of Ni (0.053–0.013 s−1) compared with batch methods. 

The set-up also achieved better selectivity between the two metals 

at industrially relevant concentrations, as shown in Fig. 5. 

Fig. 5 Effect of pH on the extraction efficiency of Co and Ni, (a) 

extraction ratio, and (b) separation factor (the ratio of Co extracted 

relative to Ni) in microflow and batch extraction. Reproduced from 

ref.51 with permission from Elsevier, copyright 2017. 

Process development: intensification Microfluidics need to 

demonstrate scalability to the high capacities needed for the large 

process flows in mining and minerals processing. An industrial pilot 

scale microreactor consisting of 3D conical sections (Amar Company) 

that are symmetrically connected in 6 series, was evaluated for the 

extraction of Co from Ni sulphate with Cyanex 272 as extractant at a 

flow rate of 9 L/h (roughly corresponding to an annual metal 

separation capacity of 5 t/a). The cones constantly cause 

perturbation of the flow, renewing interfaces, which has been 

termed re-entrance flow in the literature. This kind of processing 

produced an extraction efficiency of above 99.9% with good 

selectivity and a high volumetric mass transfer coefficient 61. A 

comparison between a coiled-flow inverter (CFI) and an industrial re-

entrance flow reactor (Corning SAS Company) has been studied by 

Wouters et al. in the extraction of Co from Ni solution 41. These 

authors observed that the CFI was superior with lower pressure drop 

and low energy input, whereas the industrial reactor performed at a 

higher flow rate that can negatively impact on productivity. 

Additionally, a leached solution originating from a real asteroid 

sample was fed into the CFI for investigation on the extraction ability 
41. Due to the presence of iron in the solution, which was co-

extracted, the maximum Co extraction efficiency was 87% at a flow 

rate of 120 mL/h and 60 s residence time. 

Process development: scavenger The scavenger has the essential 

function in extraction to turn a mass-transfer to a reaction-mass-

transfer dominated process, typically making it faster. 

Dithiocarbamate derivatives have been widely known for their 

scavenging role in heavy metal extraction as chelating agents, but 

study of the effects of their different forms on the process is largely 

lacking. In the study of Morita et al. 65 on the extraction of Cu ions 

using a two-phase microflow system, dithiocarbamates in acid forms 

were synthesised and their extraction properties investigated. The 

extraction ability of dioctyldithiocarbamate (dodtc) was higher than 

that of diethyldithiocarbamate (dedtc) under low pH conditions, as 

shown in Fig. 6. The authors noted that under basic conditions, the 

extraction of Cu ion with dodtc decreased due to the amphiphilic 

properties of dodtc. The kinetic study also revealed that the 

extraction rate was dependent on formation of the dodtc complex at 

the liquid-liquid interface. 

Fig. 6  Copper (II) concentration in organic phase in microfluidic 

extraction at pH 1.1: (black circle) dodtc and (black square) 

dedtc. Reproduce from ref.65 with permission from the Japan 

Association of Solvent Extraction, copyright 2010. 

Real-world readiness: slow phase separation The interplay of 

microfluidics and particle flows can cause issues with extraction 

efficiency (the ratio of the element to be extracted relative to 

unwanted extraction of other elements or impurities). For example, 

a complex composition of solid particles and surfactants complicates 

phase separation in both bulk and microfluidic solvent extraction. To 

address the complexities of particle interaction in microfluidics, 

Priest et al. 55 examined the extraction efficiency of Cu and Cr in a Y-

junction microfluidic system. Their study took the particular 

motivation of bypassing the formation of a particle-stabilised crud by 

microfluidic solvent extraction of metal ions from particle-laden 

aqueous solutions (Fig. 7) 55. The presence of hydrophilic silica 
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particles restricted phase disengagement in both the model solution 

(grey square points) and the real leach solutions, causing the organic 

phase to be trapped in the emulsion (black square points) in 

conventional bulk extraction (Fig. 7a). In the microfluidic extraction 

approach, despite having high loading of silica particles, the 

extraction remained comparable with bulk extraction of particle-free 

copper solution, as shown in Fig. 7b. Due to the short residence time 

of nanoparticles in the aqueous phase, the microfluidic system was 

able to operate continuously for more than 7 h without failure, with 

high particle concentrations (61 g/L, 80 nm hydrophilic silica and 5 

g/L, 13 nm hydrophobic silica), whereas the bulk system suffered 

from prolonged phase separation or the formation of particle-

stabilized emulsions 55. 

Real-world readiness: impurities. Since alloys are widely used, 

especially in electronic devices, the precise determination of 

impurities is crucial. For example, the low concentration of Cu in Al 

alloys is difficult to detect without any pre-treatment. Using 

microfluidic solvent extraction/back-extraction, Kagawa et al. (2009) 

were able to separate Cu from an Al alloy matrix for a fast and 

accurate online analysis of trace Cu. Regardless of the microfluidic 

extraction efficiency of 40%, the IDMS/ICP-MS combined with the 

system provided a total measurement time of about 40 s/sample 

with the sample volume of 10 µL. 

Fig. 7 (a) Conventional bulk extraction with and without silica 

particles in the copper solution. (b) Cu extraction as a function 

of time: (line) particle-free bulk extraction, (points) microfluidic 

extraction. Reproduced from ref.55 with permission from Wiley-

VCH, copyright 2012. 

Platinum group elements (PGE) 

The most well-known method for extracting and refining PGEs is 

precipitation with the advantages of low effluent volumes and low 

capital cost 115. This separation procedure, however, is not fully 

efficient as valuable material could be hold up in the refinery for an 

extended amount of time due to the repeat of dissolution and 

precipitation steps to achieve the required purity specification, 

which can increase the operating cost a refinery 109. The solvent 

extraction process proposes better selectivity, higher first-pass 

yields, and reduced exposure to chemicals by workers. However, the 

concentration of the solution used in the solvent extraction methods 

is lower in comparison with precipitation, thus requiring greater 

process volumes. Improvement of the kinetics of solvent extraction 

for two key separations (Pd and Au) is needed because they are, 

though better than precipitation, still low which resulted in hold-up 

in refinery 116. Precise handling of the organic solvents is also 

important as they are highly flammable. Their entrainment in an 

aqueous phase is highly undesirable as the next step involves 

oxidation. Secondary amines are commonly chosen for primary 

extraction of Pd but can also co-extract small amount of Pt, Ru and 

Ir, complicating secondary purification of Pt 117. Thus, solvent-

extraction in microfluidic system has been extensively studied to 

identify whether reducing the flow to microscale could counter the 

aforementioned problems. 

Process development: productivity. With the aim of maximising 

productivity in mineral processing, researchers are developing high-

throughput microfluidic systems for PGE extraction, since the 

majority of PGE extraction studies operated at low volumetric 

throughputs. To address this requirement, a microfluidic extraction 

chip was investigated, which comprises 49 inlets (24 aqueous and 25 

organic streams) and a large contact area for separating Pt (IV) from 

an aqueous leaching solution, as shown in Fig. 8 72. The device 

exhibited higher volumetric throughput, enhanced extraction 

efficiency, and allowed multi-stage counter-current microfluidic 

extraction. Recently, the multistream microchip has been up-scaled 

to successfully extract high value metals from industrial leach 

solution with a throughput up to 1 L/h without compromising 

extraction performance 71. 

Fig. 8 (a) Schematic illustration and (b) photo of the new chip design 

showing organic and aqueous inlets, streams merging, and the 

contact zone. Reproduced from ref.72 with permission from Wiley-

VCH, copyright 2017. 
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Process development: integration Industrial operations are 

commonly process integrated in the sense of integrating operations 

for their mutual benefit (BASF’s famous “Verbund concept”). With 

this background, a solution needs to cover the three stages involved 

in refining a solution containing high concentrations of target metals 

from primary sources: extraction; scrubbing; and stripping. Each of 

these stages require complex types of equipment that take up space 

and are energy-intensive in conventional plants due to the lengthy 

operating times involved. They can, however, be downsized and 

intensified using a microfluidic approach. Kriel et al. developed a 

microfluidic system capable of handling extraction, scrubbing and 

stripping for the extraction of Pt(IV) from an aqueous phase with high 

loading (Fig. 9) 74. The extraction reached equilibrium within several 

seconds (2–6 s) while stripping equilibrium required a longer contact 

time (~12 s). In this research, a quantitative study of phase 

disengagement efficiency also revealed that both phases suffered 

cross contamination, with the aqueous phase containing up to 2-3% 

of the organic phase. 

Fig. 9  Platinum extraction via a microfluidic system with three main 

unit operations: extraction, scrubbing and stripping. Reproduced 

from ref. 74 with permission from Elsevier, copyright 2015. 

Sustainability: circularity Microfluidics can play a key role in the 

circularity asset of processing critical minerals. Secondary (recycled) 

sources of PGEs, including those rich in high intrinsic value metals Pt 

and Pd, are only worth recovering if the manufacturer can employ a 

rapid and effective extraction system. The diffusion limited ion 

exchange mechanism and the microscopic dimensions of the system 

are expected to produce a rapid extraction rate, and indeed this was 

observed in the aforementioned work of Kriel et al., in which 

extraction equilibrium was achieved in just 2-6 s 74. 

Boron group metals and transition metal group metals 

Extraction efficiency Indium (In) plays an essential strategic role in 

the military, nuclear and computer technology sectors. The quality of 

In products can be severely compromised by impurity elements. The 

development of an effective extraction method for separating In 

from impurities is thus important. The extraction and separation of 

In from aqueous solution using microfluidics were optimised at pH of 

0.7, a concentration of 30% and contact time of 60 s 77. The 

microfluidic system employed showed capability to reduce the 

contact time by half and to significantly improve the separation 

factor between In and Fe/Zn/Al/Mg 77. Furthermore, the microfluidic 

chip also allows process integration via the connection of units 

(extraction and stripping) with process analytics through ICP-MS. In 

this way, a higher selectivity and effective handling of radioactive 

materials was achieved.  

Rhenium was extracted and stripped using a Y-Y shaped microfluidic 

chip under a stable two-phase flow and analysed with ICP-MS 118. The 

total process time for a 1 mL sample was less than 1. 

Rare earth elements (REE) 

The separation efficiency of REE can reach up to 99% using 

hydrometallurgical operations 119. Here again, solvent extraction is 

used by contact of an aqueous phase and an organic phase followed 

by the movement of metallic ions from one phase to another. This 

process is effective in removing metal ions from water and results in 

solutions of single rare earths and compounds with high purity 120. 

Though being used commercially, this method is only applied to non-

dilute metal solutions, is time-consuming, labour-intensive, and 

requires high volumes of chemical reagents 121. Microfluidic devices 

have been shown to separate heavy REEs from mixed REE oxide after 

only 10 s 120. Nonetheless, microfluidic extraction of REE is only 

suitable for dilute solutions and require high energy input 93 and can 

show inadequate phase separation times in complex solutions 120. 

Hence, further studies have been designed to improve the 

performance of microfluidics for separation of REEs, including the 

use of ionic liquids 88, modifying microfluidic chip design 83, and 

testing multi-solute mixtures 86, 87. 

Fundamentals: designer solvents Ionic liquids are attracting attention 

as an alternative solvent for liquid-liquid extraction of metal ions 

from an aqueous phase. Additionally, ionic liquids as a diluent for 

appropriate extractants can yield a higher partition coefficient for 

the separation of lanthanides than conventional solvents. Despite 

this. their high production cost hinders their wider application at an 

industrial scale. Microreactors that require minimum amounts of 

solvent can be a solution for the aforementioned shortcoming of 

ionic liquids in liquid-liquid extraction. With that objective, Li et al. 

performed the extraction of Eu (III) from aqueous solution using an 

ionic liquid solution (n-octyl(phenyl)-N,N-diisobutylcarbamoyl-

methylphosphine oxide (CMPO)–1.2 M tributylphosphate) in a small-

scale separation unit 88. The mass transfer coefficients in the small 

separation unit were higher than those of larger channels with the 

same flow conditions (i.e. velocity, composition, liquid-liquid ratio). 

Reactor development: stabilising walls Although it is clear that 

microfluidics possess capability for highly efficient solvent extraction, 

phase separation is a vital challenge yet to be solved to ensure 

selectivity of the operation. A potential solution may lie in the 

integration of phase-separation flow structures in a microfluidic 

device. In 2002, a new design of a microchip integrated with guide 

structures (or walls) was proposed by Tokeshi et al. with the ability 

to separate coexisting metal chelates in less than 1s 60. Maruyama et 

al. showed that the addition of partition walls can stabilise the two-

phase flow in the microfluidic device. The net result is an 

improvement in the extraction of yttrium ions from a feed aqueous 
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solution by 2-3 times at a very low contact time of 0.12 – 0.24 s, as 

shown in Fig. 10 83. 

Reactor development: mixing Xie et al. recognised the potential of 

chaotic advection microfluidics for enhancing mass transfer between 

two immiscible phases for application in the production of REEs 85. In 

their study, a three-stage micromixer based on the principle of 

passive chaotic advection micromixing was designed for the 

extraction and separation of Pr and Ce. Pr(III) and Ce(III) could be 

extracted from a nitric acid media with a high throughput of 100 

mL/min and a short residence time of 0.029 s 85. 

Process development: intensification Conventional extraction of 

La(III) usually comes with limitations such as long mass transfer 

distance and mixing time, large area requirements, high energy 

consumption, and in particular, the need for a large amount of 

organic solvent for dissolving extractant and extracted species. To 

address these issues, Yin et al. performed the extraction of La(III) in 

an aqueous phase using a stable two-phase flow in a microreactor, 

producing a high extraction efficiency (almost 100% at their optimal 

conditions) in a short contact time (0.37s) 84. 

Fig. 10 (a) Schematic illustration of the partition walls in 

microchannel. (b) Yttrium extraction in microchannel with partition 

walls (black circles) and without partition wall (white circles). 

Reproduced from ref.83 with permission from Royal Society of 

Chemistry, copyright 2004. 

Process development: simplification Gadolinium (Gd) can be 

extracted using the conventional method, but the efficiency of this 

process is significantly impacted by the operation cost and time. This 

requires multiple separation stages and issues such as emulsion 

formation, loss of analyte and extractant. To achieve a more efficient 

method for extracting Gd, the Y-Y microchannel used by Abbasi et al. 

was capable of separating Gd with the yield up to 95.5% in optimal 

conditions 91. As shown in Fig. 11, under a low concentration of Gd 

(2.9 vol%), their system managed to perform the extraction in 13.5 s. 

This highlights the potential of microfluidics for extracting strategic 

metals at low concentrations in a simple, fast and effective process. 

Fig. 11  Effect of residence time on Gd extraction efficiency at pH = 3, 

feed concentration = 30 ppm and MDEPA concentration = 2 vol%. 

Reproduced from ref.91 with permission from Elsevier, copyright 

2018. 

Real-world readiness: multi-solute mixtures Real-world adaptability 

is relevant when using microfluidic systems. To turn an academic 

curiosity into a commercial product, there is a need to address the 

fact that most studies on microfluidic extraction of REEs focus on 

extracting only a single element from a simple aqueous phase. Real-

world industrial leaching solutions will always contain multiple REE, 

as well as other metals including U and Th, and other components 

such as chloride solution, which will likely impact on extraction 

behaviour. The presence of radioactive Th and U in many REE 

deposits is a challenge for separation as it is vital to produce REE 

products with minimum associated radioactivity in downstream 

processing, and to mitigate environmental and safety issues. Kolar et 

al. studied the microfluidic extraction and separation of light and 

heavy REEs from a leach solution derived from industrial-grade 

mixed REE ore 93. Their system exhibited good selectivity for heavy 

REEs at an aqueous feed pH of 0.7. Yin et al. and He et al. studied the 

extraction and separation of Pr/Ce or Pr/Nd. They used a Y-junction 

serpentine microreactor in chloride solution using lactic acid as 

complexing agents to buffer the high acidity 86, 87. In the case of Pr/Ce 

(Fig. 12), the separation factor was greater than 3 at the optimised 

time of 12 s, while batch extraction achieved a separation factor of 

2-3 and time of 300 s 86. The separation factors of Pr/Nd for both 

microfluidic and batch experiments were relatively similar but the 

residence time for microfluidic was significantly shorter at about 12 

s compared to 560 s 87. 

a

b
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Fig. 12  Rare earth elements as a function of contact time for (a) 

microfluidic and (b) batch extraction. Reproduced from ref.86 with 

permission from Elsevier, copyright 2017. 

Real-world readiness: low concentration. One common thread in the 

literature on solvent extraction of REE is the phase ratio. Most 

studies have investigated ratios of 1:1, even though in secondary 

sources such as wastewater, the REEs are present at markedly lower 

concentrations (<100 ppm), which translates to a high phase ratio in 

excess of 50:1. In this case, conventional methods require high 

external energy input, large volumes of solvent, long mixing times, 

and loss of extractant. Microfluidics have attracted interest as an 

alternative because they are able to handle the harsh chemical 

conditions involved in separating REEs. For example, Nd(III) can be 

extracted from an aqueous phase with a common set-up of 

microchannels. Zhang et al. separated Nd(III) from aqueous solution 

using P507 as extractant and obtained a duration of 1.5s for 

equilibrium extraction in a two-phase flow in a microchannel system 

(100 μm in width and 120 μm in depth) 90. Addition of another phase, 

such as a gas phase, in the separation unit may pose positive effects 

on the overall extraction efficiency. Chen et al. investigated the 

extraction behaviour of Nd(III) using a gas-liquid-liquid system in a T-

junction microchannel 89. The presence of a gas phase increased the 

mass transfer coefficient from 5 to 50 times and the extraction 

efficiency was higher than 90%, even at a high phase ratio of 200. 

Actinides 

Fundamentals: designer solvents Following the trend of green 

chemistry, researchers are searching for a greener solvent for 

extraction of metal ions, and ionic liquid has the potential to become 

an alternative solution. Tsaoulidis et al. extracted U from aqueous 

nitric acid solutions using TBP (30%) in ionic liquid 95 with the overall 

volumetric mass transfer coefficients in agreement with results 

obtained in other studies using plug flow solvent extraction in 

microchannels. 

Process development: integration Microbore tubes represent a 

cheap, simple solution for solvent extraction. However, these can 

only be used up to a certain flow rate, above which pressure drop 

and generation of fines would occur. To increase throughput, 

parallelisation can be implemented to expand the number of 

microbore tubes. Darekar et al. performed a study in multistage 

extraction and stripping of U using 20 parallel microbore tubes, as 

shown in Fig. 13a 101. In this study, coiling of microbore tubes was 

found to enhance the overall volumetric mass transfer coefficient 

(Fig. 13b) and the smaller the coil diameter was, the more 

pronounced the effect it had on mass transfer. 

Fig. 13  (a) Schematic of monoblock distributor with integrated 

microfluidic junctions with 20 microbore tubes. (b) Effect of flow rate 

on overall volumetric mass transfer coefficient. Reproduced from 

ref.101 with permission from Elsevier, copyright 2018. 

ESG: radionuclide removal: The literature focussing on the process of 

U recovery in microchannels is sparse. Nevertheless, implementation 

of this process by microchannel processing is beneficial in terms of 

mobility and efficiency. Sen et al. studied the effect of the organic-

aqueous phase ratio on the extraction efficiency for a U recovery 

system from extraction to precipitation of U 96. Their system could 
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achieve a space-time-recovery of over 1,000 kg/day/m3 and operate 

without failure using a reused organic phase. 

ESG: radionuclide removal Development of an innovative and safe 

separation technology is essential for the reduction of radioactivity 

when separating critical minerals. Such technology must be able to 

handle removal of actinides as well as their short- to medium-half life 

daughter radionuclides from radioactive wastes. Related to that, 

microfluidics are attracting attention in reactions involving 

hazardous and explosive substances because of their small volumes 

and rapid processing times. Garciadiego-Ortega et al. investigated 

the extraction of U in small channels of different sizes under 

segmented flow 94. The 4 mm channels proposed a segmented flow 

with good mass transfer performance and a high flow rate (11 L per 

day). Hotokezaka et al. studied the extraction of U(IV) from aqueous 

phase to organic phase (30% or 100 % TBP) to clarify extraction 

behaviour 100. 

Scalability

Up-scaling of microfluidic reactors has been practised for chemical 

reactions and flow chemistry, both for fundamental motivations (e.g. 

concerning flow distribution 38) and for industrial uses at pilot- or 

production scale 122. In most cases, this has been done for liquid-

phase reactions, and only a few times for gas-liquid and liquid-liquid 

reactions (since multi-phase processing at the micron scale suffers 

from flow distribution) 123. Commercial offers of such high-capacity 

reactors have promoted industrial application 124. As outlined below, 

this may involve a transition to milli- or meso-scale, and therefore 

the term continuous-flow may be more adequate for the scaled-out 

flow reactors. 

In the ideal case, up-scaling of microfluidics means that the micro-

channel is repeated multiple times and operated in parallel fashion; 

this is also termed equalling-up or internal numbering-up 125, 126. 

Nature uses the same concept by numbering-up cells in an organism. 

Schenk et al. have introduced the terms internal and external 

numbering-up, respectively 125, for operation of parallel 

microchannels within one device and many parallel devices with a 

microchannel each. Solvent-extraction performance, for example, is 

maintained in numbered-up systems despite crossing several orders 

of magnitude throughput and minimises the inventory of potentially 

hazardous streams 71. Some internally numbered-up microstructured 

reactors for gas-phase reactions have been manufactured with 

several hundred or even thousand microchannels, demonstrating 

technical manufacturing capability 127, 128 . 

For liquid-phase applications, as reported here, the equalling-up 

approach can face limits in terms of flow distribution quality, fouling, 

sensitivity, capital costs, and more. Nonetheless, especially for 

applications with microstructured mixers, highly-parallel 

microstructured devices have been reported and are commercially 

available 129, 130. Those devices typically contain microchannels of 

very short length or just nozzles, which reduces pressure drops and 

allows high capacity 131, 132. 

In most cases for liquid-phase applications a different scale-up 

strategy pioneered by the Lonza Group is chosen; this has been 

termed scale-out 133, 134. First, the reaction is intensified, meaning to 

utilise highest concentrations and temperature (and pressure) in the 

microchannel, a strategy which Hessel et al. termed novel process 

windows 135. Subsequently, the channel size is increased until the 

microreactor performance drops 136. Often, this means scaling the 

characteristic channel dimensions to a few mm or, in a few cases, 

even larger so that meso-flow might be used 137-142. This strategy has 

been largely adopted by pharmaceutical companies for medicinal 

flow chemistry 143, 144. One common commercial flow reactor 

example is the Corning Advanced-Flow Reactor 41, 145, with internal 

dimensions above the micron range.  

Industrial flow reactors have flow rates of up to several 100 L/h 133, 

146. Assuming a product load of up to 10% (at a density of 1 kg/L and 

an annual production of 300 days), this equates to an annual capacity 

of several hundred tons of product. These flow reactors have not 

been tested for minerals processing applications and would likely 

need a further increase in capacity to be industrially viable. 

Real world minerals processing is often plagued by issues of fouling 

and corrosion phenomena, which are not currently known or 

reported in the flow chemistry and microfluidic literature. Such 

obstacles would therefore need to be overcome by substantial 

developmental research before continuous-flow reactors could 

reach applicability for the processing of real ores and extraction at 

an industrial scale. For the arguments given, microreactors will likely 

be best suited to high-end applications with relatively purified 

solutions at medium capacity. 

Microfluidics for ESG in the mining industry 

Environmental, social, and governance (ESG) 

There is a growing awareness across industry that environmental, 

social, and governance (ESG) policy issues are central to major 

investment decisions, and to public perceptions of the minerals 

industry. Based on the framework designed by The Danish Veterinary 

and Food Administration (DVFA) and accepted by The European 

Federation of Financial Analysts Societies (EFFAS), the following 

criteria of ESGs is applied to all industry-groups 147, 148: 

- Environmental (E) 

o ESG1: Energy efficiency 

o ESG2: Greenhouse gas emissions 

- Social (S) 

o ESG3: Staff turnover 

o ESG4: Training and qualification 

o ESG5: Maturity of workforce 

o ESG6: Absenteeism rate 

- Governance (G) 

o ESG7: Litigation risks 

o ESG8: Corruption 

A recent report by Meyers et al. 149, stated that the impact of ESG on 

mining appears to be of highest priority, and far greater than the 

economic problems caused during the COVID-19 pandemic. Similar 

findings were highlighted by several mineral executives interviewed 

by EY between June and September 2021 150. 

Mining is an emission-intensive sector responsible for around 4–7% 

of total worldwide greenhouse gas (GHG) emissions 151. Identifying 

alternative energy sources is a rapidly emerging issue, as is the 

sector’s heavy consumption of (finite) water resources. There is 
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currently pressure from government, shareholders, and employees 

and the broader community to transform this heavy industry into a 

carbon-neutral one and to achieve this considering a wide range of 

ESG factors. 

Although many miners have restructured and announced new 

policies to improve their ESG performance (by the International 

Council on Mining and Metals or from the World Bank or other 

financiers and investors), they are still struggling with development 

of affordable yet sophisticated tools to balance environmental 

impacts and economic opportunities. At the same time, national and 

international regulations and compliance are becoming increasingly 

complex and restrictive. ESG issues currently represent a critical 

threshold for the realisation of opportunities in mining and metal 

production, while balancing risks.  

Thus, ESG should be an integral element of today’s and tomorrow’s 

business approaches and needs to be adopted as an integral 

component of company culture and values, with ESG performance 

reflected in terms of financial, operational, intellectual, reputational, 

human, and/or natural capital. For exploration of new critical mineral 

resources, it is important to evaluate the effects of mining activities 

on local communities, ecosystems, and the carbon-reduction targets 

of each country. 

Better ESG assessment tools and measurements, however, can only 

advocate for the best practice using currently available technologies. 

On the contrary, emerging technologies can lead to step changes in 

business models. Microfluidic continuous-flow technology has 

arguably achieved that status in the pharmaceutical industry, with 

flow chemistry being officially listed as one of Australia’s so-called 

frontier technologies 152. The pharmaceutical legislative authority in 

the USA, the Federal Administration of Food and Drug Administration 

(FDA), have termed flow chemistry as an emerging technology, and 

have invested in an implementation strategy including offering front-

end discussion and advice to industry to foster product submissions 

to FDA approval 153.  

Thus, having already accomplished an industrial transformation and 

with the technological verifications presented in this review, the 

question is what advantages microfluidics can offer for ESG in the 

mining context? The Australasian Institute of Mining and Metallurgy 

(AusIMM), a peak body representing the mining industry and its 

employees, have highlighted the most important ESG challenges and 

risks for the mining sector 154: 

1. Urgent and visible pressure on the mining sector to climate 

change and environment 

2. Missed process optimisation opportunities (“green 

processing”) 

3. Poor ESG credentials can affect capital and investment

4. Poor ESG performance linked to problems attracting and 

retaining staff 

5. Regulations, compliance, and reporting frameworks are 

becoming increasingly complex 

6. Many mining companies lack sophisticated digital reporting 

tools 

7. Shift in demand for critical minerals 

Based on the pharmaceutical business case and the technological 

demonstration given in this review, microfluidics can offer several 

advantages for ESG in the mining context. While (3), (4), and (5) 

might be achieved through the adoption of new policies, (1), (2), and 

(6) rely heavily on the application of new and emerging technologies. 

The latter three refer to the social-legislative impact of emerging 

technologies, which are difficult to access, yet are considered to be 

the primary drivers for implementation of microfluidics by the 

pharmaceutical industry. Fig. 14 shows potential solutions and 

benefits of using microfluidic continuous-flow technology for 

minerals processing, towards the ESG mining issues (1) – (6). 

Fig. 14 Benefits of microfluidic flow technology, proven in the 

pharmaceutical industry, and their potential benefit to improve ESG 

factors in the mining sector.

Concerning issue (1) and with evidence from the examples 

mentioned in this review, a prime solution to minimise 

environmental impacts, including reduced consumption of water and 

energy, can come from microfluidics and flow chemistry. High 

leaching yields and extraction efficiencies lower the amount of waste 

created. Although they are demonstrably efficient at a small scale, 

work is currently underway to match the output of microfluidic 

systems to the industrial scale. Concerning issue (2) and with other 

examples covered in this review, microfluidics and flow chemistry 

have facilitated exploration of modular technologies by industry and 

the efficient use of green chemistry. The first allows, by, inter alia, 

flexible campaign manufacturing and distributed process 

installations at remote sites. The latter are supported by applying 

concepts of process simplicity, which are crucial for small-scale 

opportunities as opposed to dedicated large-scale plants with heavy 

investment. Concerning issue (3), microfluidics and flow chemistry 

have shown a capability to not only significantly reduce CAPEX costs 

but have potential to also reduce OPEX compared to conventional 

technologies 44, 155, 156. Microfluidic plants have small spatial 

footprints and allow rapid generation of cash-flow (break-even 

point) due to their modularisation for ease of construction, pre-

legislation, and fast start-up 146, 157. Concerning issue (4), 

microfluidics and flow chemistry can attract a career-oriented 

workforce by offering secure employment in a frontier technology 

sector seeing an expanding market. This may facilitate a switch from 

a mining engagement to a job in another industry sector and vice 

versa, increasing employee mobility and enhancing attractiveness of 

a career in the minerals industry. While any compliance impacts of 

microfluidics and flow chemistry, see issue (5), cannot be foreseen at 

this point of time, it is noteworthy that a global legislative authority 

(FDA) have established their Emerging Technology Program (ETP) to 
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examine compliance issues 158. Concerning issue (6), and as partly 

shown in this review, microfluidics and flow chemistry have can offer 

fast process screening 159-161 to explore all opportunities before 

making decisions on investment, which is fundamental to process 

automation 162, 163 and may play a role in the Industry 4.0 revolution. 

Most importantly microfluidics provides a direct pathway to 

scalability from the laboratory- to large-industrial scales that is 

desired for optimal productivity. Equalling up processing from the 

miniature laboratory scale to large industrial productivity has been 

achieved? 71, 72, 126, 164, as shown for the extraction of Co and Ni using 

microfluidic technologies 41, 51, 61, 62.  

While this review has focussed on mineral refining applications of 

microfluidics, there are potential applications that extend across the 

entire processing and supply chain defined within the ESG context. 

For example, microfluidics may have capabilities for high-throughput 

screening discovery tools for geological site exploration and related 

process modelling, as well as benefits in terms of enhanced 

sustainability. Attempts have been made to develop pilot-scale 

systems for the extraction of high-value metals, as outlined in the 

recent work of Yang et al. in separating Pt from industrial leach 

solutions via a multistream microchip with a high throughput 71. 

Recycling light REE from end-of-life products via microfluidics and 

flow chemistry reduces environmental dispersal of pollutants (e.g. 

radioactive elements), has a lower carbon footprint, and is more 

sustainable than extraction from primary sources (i.e. mineral ores) 
165. From a social perspective, recycling light REEs can lead to the 

increase in the number recycling centres and create more jobs which 

is beneficial to human well-being 120. From the governance point of 

view, the government can provide subsidies or financial incentives to 

encourage recycling of end-of-life light REE-bearing products, which 

can lead to a reduced dependence rely on importation of light REEs 
120.

Conclusions 

Microfluidics, microreactors, flow chemistry and continuous-flow 

processing have demonstrated considerable process intensification 

at the laboratory scale with much promise for the processing of 

critical minerals. Their anticipated benefits include a reduction of 

processing time (and thus an increase in relative capacity), decrease 

in equipment footprint, and increased extraction efficiency. The 

latter is underlined by fundamental studies on mass transfer, such as 

determining the mass transfer coefficient. This follows expectations 

from known benefits of microfluidic technology for solvent-based 

extraction with other extractants. As a central issue to critical 

minerals and their multi-component mixtures, microreactors have 

demonstrated an increase in extraction selectivity, meaning 

extraction of a (much) higher proportion of the desired critical 

mineral species than the unwanted metals and impurities in the 

same mixture. This has been demonstrated especially well for the 

purification of a processing stream from a deposit in which critical 

minerals and radionuclides co-exist, and where the radionuclides 

represent not only a major and toxic impurity but may limit the 

saleability of product. A wide range of different critical minerals have 

been investigated, providing optimism for a broad technology 

application. The studies are often industrially motivated, with some 

already addressing the up-scaling of fluidic systems needed to 

achieve larger capacity. Nevertheless, cost and environmental 

benefit analysis of this technology is in its infancy, unlike the 

chemical and pharmaceutical sectors where microreaction 

technology and microfluidics implementation is far more advanced.  

Thus, the next stage of research in this field is translation from 

laboratory demonstration to industrial applicability and will include 

studies aimed at separation of mixtures comprising complex 

separation problems, such as real ore/concentrate samples. This 

review has highlighted several attempts with model solutions, yet 

implementation can only be achieved once real-world separation 

problems have been successfully addressed. As a second threshold 

to industrial maturity, a scaling-up towards global-scale productivity 

is needed for the mining industry and its sub-challenge in minerals 

processing. 

Outlook 

This review demonstrates a proof of concept for the application of 

microfluidics technology in mineral processing. The next major step 

will be industrial-scale implementation of this processing capability 

for different critical minerals. This translation of laboratory curiosity 

to industrial practice will likely require the intimate involvement of 

the METS sector. In Australia, this sector has seen 200% in gross value 

added (GVA) growth since 2016, creating more than 1.1 million jobs. 

Continuous flow chemistry has been elevated to a critical technology 

by the Australian Government, making Australia, to the best of our 

knowledge, the only jurisdiction in the world giving microfluidics 

such prominence. 

The introduction of a frontier downstream process technology such 

as microfluidics to critical mineral processing cannot be done without 

a robust plan for its symbiotic implementation into the whole 

processing and supply chain. Indeed, microfluidic technologies will 

be more powerful when addressing the comprehensive, pivotal 

needs of today’s mining industry rather than being just an intensified 

solution to minerals processing alone.  

The appropriate individual opportunities need to be identified. For 

example, microfluidics used in high-throughput sample screening 

tools represent an opportunity to support and complement faster 

geological site exploration in which process modelling uses machine 

learning of the complete mining value chain, inclusive of the ore type 

and mine-site location. As a further example, microfluidics can 

support concepts for holistic sustainability, starting with potential 

applications to reduce the impact of traditional mining techniques, 

e.g. in-situ mining using lixiviants, and then moving into enhanced 

refinery performance for hydrometallurgical processes. Holistic 

opportunities might include solutions that can contribute to reducing 

global warming, energy demand, minimal-invasive environmental 

damage, valorisation of radioactive waste, and proactive tailings 

management. Microfluidics can also contribute to a broader societal 

acceptance of the minerals industry as a crucial part of the solution 

to global sustainability.  

The best bet for the first commercial application of the microfluidic 

technology may be within more traditional operations seeking to 

recover by-product metals from larger mining volumes, e.g. 

extraction of Co from Ni-(Cu) ores. Then, the operability and 

versatility might possibly be increased by a switch from dedicated 

processing plants to small mobile, modular processing plants that 
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can be readily moved between distant mine sites. That may open 

opportunities for mining smaller volumes of critical minerals, or 

those with more challenging separation problems (e.g. ores 

containing radionuclides). 

Gazing further into the future, one might ask whether microfluidics 

would be feasible for mineral extraction in space. Space offers large 

reserves of critical minerals, e.g. on near-Earth asteroids. Such 

operations would, however, pose significant additional challenges, 

including microgravity, pressure and temperature conditions, and 

cosmic radiation, and would require a remote (automated) operation 

capability, modularisation to facilitate campaign processing (start-

up, shutdown), and an efficient, circular usage of resources. There is 

confidence that microfluidic technology can, overcome these issues 

to be a crucial tool for space chemistry (see Fig. 15). 166-168. 

Fig.15  Microfluidic critical minerals processing in Space. 

Conflicts of interest 

There are no conflicts to declare 

Acknowledgements  

The authors acknowledge support from the Collaborative Research 

Centre bid Copper for Tomorrow (interim research director: Michael 

Goodsite).

References 

1. A. J. Hunt, T. J. Farmer and J. H. Clark, in Element Recovery 
and Sustainability, The Royal Society of Chemistry, 2013, 
DOI: 10.1039/9781849737340-00001, pp. 1-28. 

2. G. Mudd, K. Czarnota, R. G. Skirrow, S. McAlpine, Y. Yuan, 
M. Yellishetty, Z.-H. Weng and T. Werner, Critical Minerals 
in Australia: A review of opportunities and research needs, 
Geoscience Australia, 2019. 

3. B. A. McNulty and S. M. Jowitt, IScience, 2021, 24, 102809. 
4. Geoscience Australia, Critical Minerals, 

https://www.ga.gov.au/about/projects/resources/critical-
minerals#heading-6). 

5. N. Supanchaiyamat and A. J. Hunt, ChemSusChem, 2019, 
12, 397-403. 

6. S. M. Hayes and E. A. McCullough, Resources Policy, 2018, 
59, 192-199. 

7. R. Jaffe, J. Price, G. Ceder, R. Eggert, T. Graedel, K. 
Gschneidner, M. Hitzman, F. Houle, A. Hurd and R. Kelley, 
American Physical Society, Materials Research Society, 
Washington, DC, 2011. 

8. E. C. EC, Critical Raw Materials for the EU, Report of the Ad-
hoc Working Group on Defining Critical Raw Materials, 
http://ec.europa.eu/enterprise/policies/raw-
materials/files/docs/report-b_en.dpf). 

9. T. Watari, K. Nansai and K. Nakajima, Resources, 
Conservation and Recycling, 2020, 155, 104669. 

10. B. Bookhagen, D. Bastian, P. Buchholz, M. Faulstich, C. 
Opper, J. Irrgeher, T. Prohaska and C. Koeberl, Resources 
Pol., 2020, 68, 101750. 

11. USGS, US Geological Survey: Reston, VA, 2021, 200. 
12. E. C. EC, European Commission report on the 2020 

criticality assessment, 
https://ec.europa.eu/growth/sectors/raw-
materials/areas-specific-interest/critical-raw-
materials_en). 

13. T. E. Graedel, E. M. Harper, N. T. Nassar, P. Nuss and B. K. 
Reck, Proceedings of the National Academy of Sciences, 
2015, 112, 4257-4262. 

14. J. Navarro and F. Zhao, Frontiers in Energy Research, 2014, 
2, 45. 

15. Australian Trade and Investment Commission, Australia’s 
Critical Minerals Strategy 2019, Department of Industry, 
Science, Energy and Resources, Australia, 2019. 

16. M. Peiravi, F. Dehghani, L. Ackah, A. Baharlouei, J. Godbold, 
J. Liu, M. Mohanty and T. Ghosh, Mining, Metallurgy & 
Exploration, 2020, 1-26. 

17. V. Forti, C. P. Balde, R. Kuehr and G. Bel, 2020. 
18. P. Venkatesan, T. Vander Hoogerstraete, K. Binnemans, Z. 

Sun, J. Sietsma and Y. Yang, ACS Sustainable Chemistry & 
Engineering, 2018, 6, 9375-9382. 

19. A. Tsamis and M. COYNE, 2015. 
20. Q. Tan and J. Li, in Waste Electrical and Electronic 

Equipment (WEEE) Handbook, Elsevier, 2019, pp. 393-421. 
21. S. Dudka and D. C. Adriano, Journal of environmental 

quality, 1997, 26, 590-602. 
22. M. Sengupta, Environmental impacts of mining: 

Monitoring, restoration and control, CRC Press, 2021. 
23. E. Gorham and A. G. Gordon, Can J Bot, 1963, 41, 371-378. 
24. S. R. Golroudbary, D. Calisaya-Azpilcueta and A. Kraslawski, 

Procedia CIRP, 2019, 80, 316-321. 
25. G. Bailey, P. J. Joyce, D. Schrijvers, R. Schulze, A. M. 

Sylvestre, B. Sprecher, E. Vahidi, W. Dewulf and K. Van 
Acker, Resources, Conservation and Recycling, 2020, 155, 
104675. 

26. B. Sprecher, Y. Xiao, A. Walton, J. Speight, R. Harris, R. 
Kleijn, G. Visser and G. J. Kramer, Environmental science & 
technology, 2014, 48, 3951-3958. 

27. A. Britt, A. Schofield, M. Sexton, D. C. Champion, A. Hughes, 
A. P. Hitchman, D. L. Huston, A. Senior, D. Summerfield and 
E. Bastrakov, Australia's Identified Mineral Resources 2020, 
Geoscience Australia, 2021. 

28. Australian Government, Journal, 2022. 
29. V. Agrawal and S. Sharma, 2021. 
30. Y. Wang, Y. Xue and C. Zhang, Green Chem., 2021, 23, 6301-

6321. 

https://www.ga.gov.au/about/projects/resources/critical-minerals#heading-6
https://www.ga.gov.au/about/projects/resources/critical-minerals#heading-6
http://ec.europa.eu/enterprise/policies/raw-materials/files/docs/report-b_en.dpf
http://ec.europa.eu/enterprise/policies/raw-materials/files/docs/report-b_en.dpf
https://ec.europa.eu/growth/sectors/raw-materials/areas-specific-interest/critical-raw-materials_en
https://ec.europa.eu/growth/sectors/raw-materials/areas-specific-interest/critical-raw-materials_en
https://ec.europa.eu/growth/sectors/raw-materials/areas-specific-interest/critical-raw-materials_en


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 19

Please do not adjust margins 

Please do not adjust margins 

31. J. R. Dodson, H. L. Parker, A. M. García, A. Hicken, K. 
Asemave, T. J. Farmer, H. He, J. H. Clark and A. J. Hunt, 
Green Chem., 2015, 17, 1951-1965. 

32. L. Wenchang, L. Jianwei, X. Guiqing, Z. Xiangfei and L. Hong, 
Earth Sci. Front., 2022, 29, 1. 

33. The White House, Journal, 2021, 201-202. 
34. K. S. Elvira, X. C. i Solvas, R. C. R. Wootton and A. J. deMello, 

Nature Chemistry, 2013, 5, 905-915. 
35. R. L. Hartman and K. F. Jensen, Lab on a Chip, 2009, 9, 2495-

2507. 
36. V. Hessel, H. Löwe and F. Schönfeld, Chemical engineering 

science, 2005, 60, 2479-2501. 
37. V. Hessel and H. Löwe, Chemical Engineering & Technology: 

Industrial Chemistry‐Plant Equipment‐Process Engineering‐
Biotechnology, 2003, 26, 13-24. 

38. V. Hessel, D. Kralisch, N. Kockmann, T. Noël and Q. Wang, 
ChemSusChem, 2013, 6, 746-789. 

39. V. Hessel, H. Löwe and S. Hardt, Chemical micro process 
engineering: fundamentals, modelling and reactions, John 
Wiley & Sons, 2004. 

40. N. Convery and N. Gadegaard, Micro and Nano 
Engineering, 2019, 2, 76-91. 

41. M. Wouters, S. Rahman, H. Myamoto, N. N. Tran and V. 
Hessel, Separation and Purification Technology, 2021, 260, 
118238. 

42. M. R. Asrami, N. N. Tran, K. D. P. Nigam and V. Hessel, 
Separation and Purification Technology, 2021, 262, 
118289. 

43. S. Waheed, J. M. Cabot, N. P. Macdonald, T. Lewis, R. M. 
Guijt, B. Paull and M. C. Breadmore, LChip, 2016, 16, 1993-
2013. 

44. R. Amin, S. Knowlton, A. Hart, B. Yenilmez, F. 
Ghaderinezhad, S. Katebifar, M. Messina, A. 
Khademhosseini and S. Tasoglu, Biofabrication, 2016, 8, 
022001. 

45. E. Gal-Or, Y. Gershoni, G. Scotti, S. M. Nilsson, J. Saarinen, 
V. Jokinen, C. J. Strachan, G. B. af Gennäs, J. Yli-Kauhaluoma 
and T. Kotiaho, Analytical Methods, 2019, 11, 1802-1810. 

46. R. B. Kaunda, Journal of energy & natural resources law, 
2020, 38, 237-244. 

47. D. C. Bradley, L. L. Stillings, B. W. Jaskula, L. Munk and A. D. 
McCauley, Lithium, Report 1802K, Reston, VA, 2017. 

48. V. Flexer, C. F. Baspineiro and C. I. Galli, Science of the Total 
Environment, 2018, 639, 1188-1204. 

49. A. Battistel, M. S. Palagonia, D. Brogioli, F. La Mantia and R. 
Trócoli, Adv. Mater., 2020, 32, 1905440. 

50. Y. He, Y. Wu, J.-z. Fu, Q. Gao and J.-j. Qiu, Electroanalysis, 
2016, 28, 1658-1678. 

51. L. Zhang, V. Hessel, J. Peng, Q. Wang and L. Zhang, Chemical 
engineering journal (Lausanne, Switzerland : 1996), 2017, 
307, 1-8. 

52. A. Muto, Y. Hirayama, H. Tokumoto, A. Matsuoka and K. 
Noishiki, Solvent Extraction and Ion Exchange, 2017, 35, 
61-73. 

53. Y. Hirayama, M. Hinoue, H. Tokumoto, A. Matsuoka, K. 
Noishiki and A. Muto, JOURNAL OF CHEMICAL 
ENGINEERING OF JAPAN, 2018, 51, 222-228. 

54. O. Tamagawa and A. Muto, Chemical engineering journal 
(Lausanne, Switzerland : 1996), 2011, 167, 700-704. 

55. C. Priest, J. Zhou, S. Klink, R. Sedev and J. Ralston, Chemical 
engineering & technology, 2012, 35, 1312-1319. 

56. A. Basauri, J. Gomez-Pastora, M. Fallanza, E. Bringas and I. 
Ortiz, Separation and Purification Technology, 2019, 209, 
900-907. 

57. L. R. Mason, D. Ciceri, D. J. E. Harvie, J. M. Perera and G. W. 
Stevens, Microfluidics and Nanofluidics, 2013, 14, 197-212. 

58. M. Tokeshi, T. Minagawa and T. Kitamori, J Chromatogr A, 
2000, 894, 19-23. 

59. T. Minagawa, M. Tokeshi and T. Kitamori, Lab on a Chip, 
2001, 1, 72-75. 

60. M. Tokeshi, T. Minagawa, K. Uchiyama, A. Hibara, K. Sato, 
H. Hisamoto and T. Kitamori, Analytical Chemistry, 2002, 
74, 1565-1571. 

61. L. Zhang, V. Hessel and J. Peng, Chemical engineering 
journal (Lausanne, Switzerland : 1996), 2018, 332, 131-139. 

62. L.-h. Zhang, J.-h. Peng, S.-h. Ju, L.-b. Zhang, L.-q. Dai and N.-
s. Liu, RSC Advances, 2014, 4, 16081-16086. 

63. W. Xie, L. Zhang, J. Yang, L. Zhang, S. Ju and Y. Luo, Chemical 
Engineering and Processing - Process Intensification, 2019, 
143, 107562. 

64. F. Jiang, J. Pei, S. Yin, L. Zhang, J. Peng, S.-h. Ju, J. Miller and 
X. Wang, Minerals Engineering, 2018, 127, 296-304. 

65. K. Morita, T. Hagiwara, N. Hirayama and H. Imura, Solvent 
Extraction Research and Development, Japan, 2010, 17. 

66. C. Priest, J. Zhou, R. Sedev, J. Ralston, A. Aota, K. Mawatari 
and T. Kitamori, International Journal of Mineral 
Processing, 2011, 98, 168-173. 

67. L. Yang, Y. Zhao, Y. Su and G. Chen, Chemical Engineering & 
Technology, 2013, 36, 985-992. 

68. T. Kagawa, M. Ohno, T. Seki and K. Chikama, Talanta, 2009, 
79, 1001-1005. 

69. H. Liu, S. Dai, J. Li, R. Ma, Y. Cao, G. Wang, S. Komarneni and 
J. Luo, Chemical Engineering & Technology, 2020, 43, 974-
982. 

70. N. Sen, R. Chakravarty, K. K. Singh, S. Chakraborty and K. T. 
Shenoy, Chemical Engineering and Processing - Process 
Intensification, 2021, 159, 108215. 

71. D. Yang, M. N. Kashani and C. Priest, Miner. Eng., 2022, 
182, 107536. 

72. F. H. Kriel, C. Binder and C. Priest, Chemical Engineering & 
Technology, 2017, 40, 1184-1189. 

73. F. H. Kriel, S. Woollam, R. J. Gordon, R. A. Grant and C. 
Priest, Microfluidics and Nanofluidics, 2016, 20, 138. 

74. F. H. Kriel, G. Holzner, R. A. Grant, S. Woollam, J. Ralston 
and C. Priest, Chemical Engineering Science, 2015, 138, 
827-833. 

75. C.-Y. Yin, A. N. Nikoloski and M. Wang, Minerals 
Engineering, 2013, 45, 18-21. 

76. D. Van Khoai, Y. Masahiko, T. Shigeo, K. Takehiko and S. 
Naoki, Current Analytical Chemistry, 2018, 14, 111-119. 

77. T. Le, B. Xiao, S. Ju, J. Peng and F. Jiang, Hydrometallurgy, 
2019, 183, 79-86. 

78. K. P. Nichols, R. R. Pompano, L. Li, A. V. Gelis and R. F. 
Ismagilov, Journal of the American Chemical Society, 2011, 
133, 15721-15729. 

79. F. Kubota, J. I. Uchida and M. Goto, Solvent Extraction 
Research and Development, 2003, 10, 93-102. 

80. S. Nishihama, Y. Tajiri and K. Yoshizuka, Ars Separatoria 
Acta, 2006, 4, 18-26. 

81. Y. He, S. Guo, M. I. Khan, K. Chen, S. Li, L. Zhang and S. Yin, 
ACS Sustainable Chemistry & Engineering, 2019, 7, 1616-
1621. 



Journal Name  ARTICLE 

20 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

82. Y. He, S. Guo, K. Chen, S. Li and S. Yin, Chinese Journal of 
Chemistry, 2020, 38, 471-477. 

83. T. Maruyama, T. Kaji, T. Ohkawa, K.-i. Sotowa, H. 
Matsushita, F. Kubota, N. Kamiya, K. Kusakabe and M. 
Goto, Analyst, 2004, 129, 1008-1013. 

84. S. Yin, L. Zhang, J. Peng, S. Li, S. Ju and L. Zhang, Chemical 
Engineering and Processing: Process Intensification, 2015, 
91, 1-6. 

85. T. Xie, M. Chen, C. Xu and J. Chen, Chemical Engineering 
Journal, 2019, 356, 382-392. 

86. S. Yin, K. Chen, C. Srinivasakannan, S. Li, J. Zhou, J. Peng and 
L. Zhang, Hydrometallurgy, 2018, 175, 266-272. 

87. Y. He, K. Chen, C. Srinivasakannan, S. Li, S. Yin, J. Peng, S. 
Guo and L. Zhang, Chemical Engineering Journal, 2018, 354, 
1068-1074. 

88. Q. Li and P. Angeli, Chemical Engineering Science, 2016, 
143, 276-286. 

89. Z. Chen, W.-T. Wang, F.-N. Sang, J.-H. Xu, G.-S. Luo and Y.-
D. Wang, Separation and Purification Technology, 2017, 
174, 352-361. 

90. L. Zhang, F. Xie, S. Li, S. Yin, J. Peng and S. Ju, Green 
processing and synthesis, 2015, 4, 3-10. 

91. A. Abbasi, A. Rahbar-Kelishami and M. J. Ghasemi, Journal 
of rare earths, 2018, 36, 1198-1204. 

92. Y. He, J. Pei, C. Srinivasakannan, S. Li, J. Peng, S. Guo, L. 
Zhang and S. Yin, Hydrometallurgy, 2018, 179, 175-180. 

93. E. Kolar, R. P. Catthoor, F. H. Kriel, R. Sedev, S. Middlemas, 
E. Klier, G. Hatch and C. Priest, Chemical Engineering 
Science, 2016, 148, 212-218. 

94. E. Garciadiego-Ortega, D. Tsaoulidis, M. Pineda, E. S. Fraga 
and P. Angeli, Chemical Engineering and Processing - 
Process Intensification, 2020, 153, 107921. 

95. D. Tsaoulidis, V. Dore, P. Angeli, N. V. Plechkova and K. R. 
Seddon, Chemical Engineering Journal, 2013, 227, 151-157. 

96. N. Sen, M. Darekar, P. Sirsat, K. K. Singh, S. Mukhopadhyay, 
S. R. Shirsath and K. T. Shenoy, Separation and Purification 
Technology, 2019, 227, 115641. 

97. J. Zhang, J. Liao, C. Deng, H. Wang and Z. Chen, Advanced 
Materials Research, 2013, 709, 485-490. 

98. C. Mariet, A. Vansteene, M. Losno, J. Pellé, J.-P. Jasmin, A. 
Bruchet and G. Hellé, Micro and Nano Engineering, 2019, 
3, 7-14. 

99. G. Hellé, C. Mariet and G. Cote, Talanta, 2015, 139, 123-
131. 

100. H. Hotokezaka, M. Tokeshi, M. Harada, T. Kitamori and Y. 
Ikeda, Progress in Nuclear Energy, 2005, 47, 439-447. 

101. M. Darekar, K. K. Singh, P. Sapkale, A. K. Goswami, S. 
Mukhopadhyay and K. T. Shenoy, Chemical Engineering 
and Processing - Process Intensification, 2018, 132, 65-74. 

102. J. Zhang, Z. Qin, D. Deng, J. Liao, X. Wei and N. Zhang, 
Journal of Analytical Atomic Spectrometry, 2016, 31, 934-
939. 

103. P. Abdollahi, J. Karimi-Sabet, M. A. Moosavian and Y. Amini, 
Sep. Purif. Technol., 2020, 231, 115875. 

104. P. F. Jahromi, J. Karimi-Sabet and Y. Amini, Chem. Eng. J., 
2018, 334, 2603-2615. 

105. S. Van den Brink, R. Kleijn, B. Sprecher and A. Tukker, 
Resources, Conservation and Recycling, 2020, 156, 104743. 

106. K. Fisher, 2011. 
107. S. Scott and P. Cole. 
108. M. Cox, in Solvent Extraction Principles and Practice, 

Revised and Expanded, CRC Press, 2004, pp. 466-515. 

109. F. Crundwell, M. Moats, V. Ramachandran, T. Robinson and 
W. G. Davenport, Extractive metallurgy of nickel, cobalt 
and platinum group metals, Elsevier, 2011. 

110. H.-T. Nguyen, H. Thach, E. Roy, K. Huynh and C. M.-T. 
Perrault, Micromachines, 2018, 9, 461. 

111. M. Annabestani, P. Esmaeili-Dokht and M. Fardmanesh, 
Sci. Rep., 2020, 10, 1-10. 

112. R. Amin, F. Ghaderinezhad, L. Li, E. Lepowsky, B. Yenilmez, 
S. Knowlton and S. Tasoglu, Analytical Chemistry, 2017, 89, 
6351-6357. 

113. M. Tiboni, M. Tiboni, A. Pierro, M. Del Papa, S. Sparaventi, 
M. Cespi and L. Casettari, Int. J. Pharm., 2021, 599, 120464. 

114. L. Wei, G. Fang, Z. Kuang, L. Cheng, H. Wu, D. Guo and A. 
Liu, Sensors Actuators B: Chem., 2022, 353, 131085. 

115. I. Yakoumis, M. Panou, A. M. Moschovi and D. Panias, 
Cleaner Engineering and Technology, 2021, 3, 100112. 

116. J. Bauwens, L. S. Rocha and H. M. Soares, Environmental 
Science and Pollution Research, 2022, 1-12. 

117. C. Saguru, S. Ndlovu and D. Moropeng, Hydrometallurgy, 
2018, 182, 44-56. 

118. V. K. Do, M. Yamamoto, S. Taguchi, T. Kuno and N. 
Surugaya, Current Analytical Chemistry, 2018, 14, 111-119. 

119. X.-W. Huang, Z.-Q. Long, L.-S. Wang and Z.-Y. Feng, Rare 
Metals, 2015, 34, 215-222. 

120. E. O. Opare, E. Struhs and A. Mirkouei, Renewable and 
Sustainable Energy Reviews, 2021, 143, 110917. 

121. T. Vander Hoogerstraete, S. Wellens, K. Verachtert and K. 
Binnemans, Green Chem., 2013, 15, 919-927. 

122. M. Köckinger, B. Wyler, C. Aellig, D. M. Roberge, C. A. Hone 
and C. O. Kappe, Organic Process Research & Development, 
2020, 24, 2217-2227. 

123. V. Hessel and H. Löwe, Chemical Engineering & Technology: 
Industrial Chemistry‐Plant Equipment‐Process Engineering‐
Biotechnology, 2003, 26, 391-408. 

124. L. Grundemann, N. Fischer and S. Scholl, European 
Coatings Journal, 2011, 24. 

125. R. Schenk, V. Hessel, C. Hofmann, J. Kiss, H. Löwe and A. 
Ziogas, Chem. Eng. J., 2004, 101, 421-429. 

126. N. Kockmann, M. Gottsponer and D. M. Roberge, Chem. 
Eng. J., 2011, 167, 718-726. 

127. M. Al-Rawashdeh, F. Yu, T. Nijhuis, E. Rebrov, V. Hessel and 
J. Schouten, Chem. Eng. J., 2012, 207, 645-655. 

128. M. Al-Rawashdeh, L. Fluitsma, T. Nijhuis, E. Rebrov, V. 
Hessel and J. Schouten, Chem. Eng. J., 2012, 181, 549-556. 

129. W. Ehrfeld, V. Hessel, S. Kiesewalter, H. Löwe, T. Richter 
and J. Schiewe, in Microreaction technology: industrial 
prospects, Springer, 2000, pp. 14-34. 

130. P. Plouffe, M. Bittel, J. Sieber, D. M. Roberge and A. Macchi, 
Chemical Engineering Science, 2016, 143, 216-225. 

131. C. Petschacher, A. Eitzlmayr, M. Besenhard, J. Wagner, J. 
Barthelmes, A. Bernkop-Schnürch, J. G. Khinast and A. 
Zimmer, Polymer chemistry, 2013, 4, 2342-2352. 

132. E. Kayahan, M. Jacobs, L. Braeken, L. C. Thomassen, S. 
Kuhn, T. van Gerven and M. E. Leblebici, Beilstein J. Org. 
Chem., 2020, 16, 2484-2504. 

133. M. Berton, J. M. de Souza, I. Abdiaj, D. T. McQuade and D. 
R. Snead, J. Flow Chem., 2020, 10, 73-92. 

134. E. Mielke, P. Plouffe, S. S. Mongeon, C. Aellig, S. Filliger, A. 
Macchi and D. M. Roberge, Chem. Eng. J., 2018, 352, 682-
694. 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 21

Please do not adjust margins 

Please do not adjust margins 

135. V. Hessel, Chemical Engineering & Technology: Industrial 
Chemistry‐Plant Equipment‐Process Engineering‐
Biotechnology, 2009, 32, 1655-1681. 

136. G. Arzamendi, I. Uriz, A. Navajas, P. Diéguez, L. Gandía, M. 
Montes, M. Centeno and J. A. Odriozola, AIChE journal, 
2012, 58, 2785-2797. 

137. Z. Dong, Z. Wen, F. Zhao, S. Kuhn and T. Noël, Chemical 
Engineering Science: X, 2021, 10, 100097. 

138. X. Wang, Y. Wang, F. Li, L. Li, X. Ge, S. Zhang and T. Qiu, 
Chemical Engineering Science, 2020, 226, 115838. 

139. Y. Xie, Q. Chen, G. Huang, Y. Wang, W. Hu, Z. Yan, X. Wang, 
J. Huang, M. Gao and W. Fei, AIChE Journal, 2021, 67, 
e17231. 

140. S. Schwolow, B. Heikenwälder, L. Abahmane, N. Kockmann 
and T. Röder, Organic Process Research & Development, 
2014, 18, 1535-1544. 

141. P. J. Nieuwland, R. Segers, K. Koch, J. C. van Hest and F. P. 
Rutjes, Organic Process Research & Development, 2011, 
15, 783-787. 

142. J. Zhang, K. Wang, A. R. Teixeira, K. F. Jensen and G. Luo, 
Annual review of chemical and biomolecular engineering, 
2017, 8, 285-305. 

143. K. F. Jensen, AIChE Journal, 2017, 63, 858-869. 
144. N. Kockmann, M. Gottsponer, B. Zimmermann and D. M. 

Roberge, Chemistry–A European Journal, 2008, 14, 7470-
7477. 

145. F. Zhang, C. Cerato-Noyerie, P. Woehl and E. D. Lavric, 
Chem. Eng. Trans, 2011, 24, 1369-1374. 

146. I. V. Gürsel, V. Hessel, Q. Wang, T. Noël and J. Lang, Green 
Processing and Synthesis, 2012, 1, 315-336. 

147. DVFA, Journal, 2008. 
148. EFFAS, Journal, 2009. 
149. K. Meyers, Journal, 2021. 
150. P. Mitchell, Journal, 2021. 
151. K. M. Henderson, Jukka, Journal, 2020. 
152. A. Government, Journal, 2015. 
153. S. Chatterjee, 2012. 
154. J. Vagenas, Journal, 2021. 
155. L. R. Volpatti and A. K. Yetisen, Trends Biotechnol., 2014, 

32, 347-350. 
156. D. M. Roberge, L. Ducry, N. Bieler, P. Cretton and B. 

Zimmermann, Chemical Engineering & Technology: 
Industrial Chemistry‐Plant Equipment‐Process Engineering‐
Biotechnology, 2005, 28, 318-323. 

157. S. Sievers, T. Seifert, M. Franzen, G. Schembecker and C. 
Bramsiepe, Chemical Engineering Science, 2017, 158, 395-
410. 

158. FDA, Journal, 2022. 
159. J. P. Devadhasan and J. Kim, Sensors Actuators B: Chem., 

2018, 273, 18-24. 
160. H. Gao, C. Yan, W. Wu and J. Li, Sensors, 2020, 20, 1792. 
161. J. Theisen, J. Rey, C. Penisson, A. Wilk, V. Kokoric, N. 

Verplanck, S. Dourdain, B. Mizaikoff, J. Duhamet and S. 
Pellet-Rostaing, 2015. 

162. P. T. Baraldi and V. Hessel, 2012. 
163. A. A. Volk and M. Abolhasani, Trends in Chemistry, 2021, 3, 

519-522. 
164. G. T. Vladisavljević, N. Khalid, M. A. Neves, T. Kuroiwa, M. 

Nakajima, K. Uemura, S. Ichikawa and I. Kobayashi, Adv. 
Drug Del. Rev., 2013, 65, 1626-1663. 

165. V. Balaram, Geoscience Frontiers, 2019, 10, 1285-1303. 

166. V. Hessel, N. N. Tran, S. Orandi, M. R. Asrami, M. E. 
Goodsite and H. Nguyen, Angewandte Chemie 
(International ed.), 2020, DOI: 10.1002/anie.201912205. 

167. S. Kirsch, The extractive industries and society, 2020, 7, 
838-840. 

168. S. Ross, Near-Earth Asteroid Mining, 2001. 


	Critical elements opportunities for microfluidic processing and potential for ESG-powered mining investments
	engineering-250123-wrap-change--revised_version_critical_minerals_green_chemistry_final

