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Microfluidic Encapsulation for Controlled Release and its Potential
for Nanofertilisers

Le Nguyen Quang Tu,>® Nam Nghiep Tran,**¢, Marc Escriba-Gelonch, Christophe A. Serra,® lan
Fisk,8 David Julian McClements", Volker Hessel*?

Nanotechnology is increasingly being utilized to create advanced materials with improved or new functional attributes.
Converting fertilizers into a nanoparticle-form has been shown to improve their efficacy but the current procedures used to
fabricate nanofertilisers often have poor reproducibility and flexibility. Microfluidic systems, on the other hand, have
advantages over traditional nanoparticle fabrication methods in terms of energy and materials consumption, versatility, and
controllability. The increased controllability can result in the formation of nanoparticles with precise and complex
morphologies (e.g., tuneable sizes, low polydispersity, and multi-core structures). As a result, their functional performance
can be tailored to specific applications. This paper reviews the principles, formation, and applications of nano-enabled
delivery systems fabricated using microfluidic approaches for the encapsulation, protection, and release of fertilizers.
Controlled release can be achieved using two main routes: (i) nutrients adsorbed on nanosupports and (ii) nutrients
encapsulated inside nanostructures. We aim to highlight the opportunities for preparing a new generation of highly versatile
nanofertilisers using microfluidic systems. We will explore several main characteristics of microfluidically prepared
nanofertilisers, including droplet formation, shell fine-tuning, adsorbate fine-tuning, and sustained/triggered release

behavior.

1. Introduction

This review is about a novel type of fertiliser, nanofertilisers,
and the potential of microfluidic encapsulation to produce them
in a new way. The motivation for the development of
nanofertilisers is that they can help to prevent soil degradation,
reduce pollution, decrease crop losses, and increase crop yields.
As a result, their application could enhance global food security.
Food security means that there is a sufficient, safe and
nutritious food source that is physically, socially and
economically accessible to all people at all times and meets
their nutrient demands and preferences for an active and
healthy life, as stated in the 2009 Declaration of the World
Summit on Food Security.! In 2014, the Food and Agriculture
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Organization (FAO) and World Health Organization (WHO)
reported that some of the main challenges to food security
were associated with resource deficiency, ecosystem
degradation, unsustainable production, food losses, and waste
and unequal distribution.2 However, the fundamental role of
soil in providing healthy and nutritious food is often overlooked.
Soil degradation causes changes in soil functions that eventually
affect crop yields. In 2014, over 2 billion people suffered from
micronutrient deficiencies which were directly linked to
nutrient impoverished soils.2 3 This situation is forecast to
become worse in 2050 as the population is predicted to exceed
9 billion people and the global demand for food is expected to
grow by 60 %, with increases of >100% in developing countries
due to their faster income growth.* > This situation could
potentially result in a dilemma in soil management since higher
incomes will increase food consumption, followed by higher
productivity requirements for agriculture, which will deplete
water and soil resources. A growing global population also
requires more land for industry and communities, thereby
leading to a decrease in usable land for agriculture. Thus,
healthy soil is the foundation of sustainable agricultural
production, which is critical to provide food security for the
world population. Soil threats can be categorized into three
major groups: soil degradation, land-use changes, and
unsustainable soil management.®

Soil degradation has harmful effects on its health by affecting
its composition, structure, and functions. Typical forms of
degradation include soil erosion, soil contamination, and soil
salinization.® 7 Soil erosion is defined as the removal of topsoil,



which contains the organic matter that supplies nutrients and is
responsible for the structural stability of soil protection from
erosion by wind and water. In general, this reduces the
thickness of the topsoil, adversely alters soil properties, and
depletes organic matter and nutrients.8 The impacts may vary
across soils and ecoregions, but it is identified that countries
with fragile soils, poorly developed markets, harsh climates, and
limited access to remediation technologies will suffer the
most.>11 Soil contamination occurs when an excessive amount
of trace metals, agrochemicals, industrial chemicals and urban
waste come into contact with land.1214 This phenomenon
interferes with the breakdown of organic matter and alters the
nutrient cycle of soil, which then decreases biodiversity, fertility
and soil health dramatically. Furthermore, pollutant build-up in
the soil can be absorbed by plants through roots and the
prolonged consumption of contaminated food can potentially
lead to fatality.13. 15,16

Soil salinization is the result of the accumulation of water-
soluble elements, such as sodium, calcium, magnesium, and
iron. “Primary salinity” and “secondary salinity” relate to salt
accumulation over long periods through natural processes (e.g.,
seawater intrusion onto land) and mismanagement of natural
resources (e.g., overuse of fertilisers), respectively.l” An
excessive amount of salt in soil can obstruct the plant’s ability
to uptake water by increasing the osmotic pressure of the soil,
reducing crop growth, and resulting in visible changes to the
plant. The accumulation of specific ions can also lead to
nutritional imbalance and toxicity.18 12

Chemical fertilisers can be used to provide degraded soil with
essential nutrients for remediation and help to increase crop
productivity. Conventional fertilisers such as urea and nitrogen-
phosphate-potassium (NPK) have been used for decades to
supply macronutrient elements to plants. Furthermore,
specialized fertilisers with micronutrients or elements to
change the soil properties have also been used to tackle land
degradation. However, the use of conventional fertilisers often
causes problems in low nutrient use efficiency and
environmental concerns, which are obstacles to enhancing the
sustainability of agricultural systems.?0 Less than 50% of the
fertilisers applied to the soil are absorbed by the crops. Residual
minerals tend to leach out and either accumulate in the soil or
contribute to water pollution.2% 22 Specifically, it has been
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reported that crops can only absorb 30-60%, 10-20% and 10-
50% of N, P and K elements when fertilisers are applied to the
soil.23 24 Farmers tend to compensate for nutrient loss and
achieve higher crop yields by repeating the application of these
fertilisers. This leads to a reduction in soil fertility, increases soil
salinity, creates a nutritional imbalance in the soil, and causes
more severe environmental concerns including water pollution,
air pollution, and water eutrophication.2> Additionally, the over-
application of conventional chemical fertilisers increases the
cost and reduces the profit margins for farmers. Hence, it is
crucial to be able to control the release rate of nutrients in
fertilisers to increase crop yield, reduce pollution, and enhance
the sustainability of land resources.

Nanotechnology has been used to create advanced materials
with new or improved functional properties that are finding
increasing use commercially. These materials typically have one
or more dimension that falls in the nanoscale region, often
taken to be less than 100 nm. However, this definition is
sometimes used to cover materials with larger dimensions (<
1000 nm). Reducing the size of materials into the nanoscale
alters their functional performance due to the small particle
size, high surface-to-volume ratio, and altered surface activity.
Moreover, it is often possible to control the structural
organization and surface chemistry of materials on the
nanoscale, which can lead to desirable functional attributes,
such as encapsulation, protection, controlled release, high
sorption capacity, and chemical sensitivity.2? There is therefore
great potential for nanotechnology to enhance the
performance of conventional fertilizers. For instance, it can be
used to create nanofertilisers for the sustained, controlled, or
triggered release of essential nutrients to crops precisely when
they need them, as well as to reduce the leakage of soluble salts
into the environment.2% 27 For example, the duration over which
nutrients (e.g. nitrogen) are released can increase from 4-10
days in the case of conventional chemical fertilisers to 6-7
weeks when using state-of-the-art smart-fertilisers developed
using nanotechnology, and the salt does not get accumulated in
the soil over time.28 Table 1 highlights significant studies that
compare nano-enabled fertilisers and their conventional
equivalents. In this article, we used the term smart-fertilizers
to refer to fertilizers that have been produced using
nanotechnology.

This journal is © The Royal Society of Chemistry 20xx



Table 1. Summary of the beneficial effects of nanotechnology in comparison to conventionally produced fertilisers

Nanofertiliser

Concentration

Beneficial effect when compared to conventional equivalent

Urea-hydroxyapatite
(HAP) coated with wood
powder2?

Nano-coated urea3®

Urea-HAP nanohybrid3?

NPK-chitosan3?
Urea-nano-
clay-polymer

50 kg hat

10-100 % (foliar sprays)

100 kg ha?

35% less nitrogen release

- Pine oleoresin coating: 20% less N,O emission

- Nano phosphate rock coating: 35% less N,O emission

- Nano-ZnO coating: 45% less N,O emission

- Nitrogen release reduced 12 times

- 50kg/ha is more effective than 100 kg of conventional urea
41% increase in yield

Dependent on polymer

- Nitrogen release rate: 21-25% reduction

composites33

Nano  hydroxyapatite triple super phosphate
(NHAP) 34 (TSP)
Nano calcium
10 mM
carbonate3>
Iron and Magnesium

0.5gL1+05¢glL?
Nanofertilizers 3¢ & &

- N,O emission: 38-86% reduction
Seed yield and growth rate increased by 20 and 33%, respectively

Effects greater than conventional CaCl, (Root and shoot length,
water content, seed germination)

- Nano Iron: improved the number of pods per plant (10-20%),
weight of 1000 seeds, yield and chlorophyll content.

- Nano Magnesium: improved the uptake of stem and leaf

There is also a reduction in transportation and application costs
due to the lower quantities required for these smart-
fertilisers.37 Importantly, they can be prepared according to the
nutrient need of specific crops or to target specific imbalances
in soil composition. This provides farmers with the opportunity
to further enhance the value of agricultural products.38
Numerous approaches have been developed to utilize
nanotechnology to prepare smart-fertilisers. Smart-fertilisers
can be divided into three main categories: nanoscale fertilisers
(synthesized nanoparticles), nanoscale additives (nanoscale
supplement materials added to bulk products), nanoscale
coatings, or host materials (fertilisers with polymer coatings or
distributed on porous materials).3® Nanomaterials with
enhanced properties such as zeolite (natural clays)40-43,
hydrogels**47, carbonaceous materials (nanotubes, graphene
oxide)?8 4% and polymers59-53 have been used in studies on slow-
release smart-fertilisers.

However, some important limitations to the extensive use of
smart-fertilisers should be considered. These include new
environmental and unintended health safety issues, such as
phototoxicity.>* In some specific preparation methods of smart-
fertilisers such as coating conventional with
nanopolymer or adsorption of nutrients onto nanomaterials,
the consistency in size, shape and composition is an obstacle
that can potentially provide poor control of release.
Furthermore, if the carrier or the coating of the fertiliser does
not degrade or degrades into harmful chemicals, it could result
in long-term environmental issues for future crops.>>
Microfluidic technologies can be used to achieve excellent
control over the size and morphology of nano- and micro-
capsules and therefore have the potential to overcome
production challenges of smart-fertilisers related to achieving

manure

This journal is © The Royal Society of Chemistry 20xx

uniform chemical and physical properties.>® 57 In addition, the
release rate of the nutrients can be controlled by simply altering
the properties of the capsules/support which can be done with
ease by changing the preparation procedure (precursor, flow
velocity, size, device position).5®8 Moreover, the chemical
composition of the materials can be modified for specific
applications. Furthermore, phase separation in microfluidic
devices can create nano-droplets with multiple compartments
or multi-layers that can contribute to the encapsulation and
controlled release of multiple nutrients for different purposes.>®
A considerable number of reviews have reported the formation
of micro- and nanodroplets made by microfluidic devices. We
like to shortly sum up some relevant, typical past reviews and
their foci. For example, the fabrication of monodispered
droplets and double emulsions was reviewed by Tan et al.6° Bah
et al. reviewed the fabrication and application of complex
microcapsules.®? The preparation of advanced drug delivery
systems using microfluidics was summarised by Sanjay et al. and
Liu et al.2 63 Microfluidics also have important roles in
promoting the clinical translation of nanomedicine and it was
extensively reviewed by Ahn et al., Colombo et al.64 65 Lou et al.
and Swider et al. summarized the specific inorganic or polymeric
NPs production within  microfluidics.®¢: 67  Core-shell
microparticles generated from microfluidic for a wide range of
applications by Galohahi et al. and later a more detailed review
on drug carrier by Kashani et al.t8 6°

To benchmark against this background, our review is first up to
date, compiling both past and very recent information. Our
review is also holistic, and comprises a good part of the whole
subject, while above reviews focus on a fundamental topic or
application. More importantly, this review aims to bridge
between fundamentals of microfluidics and its applications;

J. Name., 2013, 00, 1-3 | 3



which our group has done for the last 2.5 decades. In this
context, the scaling up of micro flows to a relevant industrial
scale is pivotal. Thus, we have covered this asset in our review.
On another note, real-world applications and their underlying
fundamentals must be addressed to lead to an industrial
transformation by disruptive technologies, as we have seen
happen by the implementation of continuous-flow technology
into pharmaceutical process development. In this sense and
against the backdrop of a university with long AgriFood research
history, we try to give in this manuscript a perspective guided
by the application to nanofertilisers and nanopesticides, which
we have addressed recently from the disruption by plasma
technologies.’? Those nutrient-related applications rank
consistently in the top engineering science applications in major
international ranking lists.

2. The challenges of nano-enabled fertiliser
production

Two of the most common approaches for creating nano-enabled
fertilisers are nanomaterial-supported nutrients and nanomaterial-
coated fertilisers. Numerous synthesis routes have already been
developed to create nano-enabled fertilizers based on these
approaches .71 72 However, there are still many challenges to reach
their full potential in agriculture. Industries such as cosmetics and
food, generally do not require high drop size uniformity, and thus can
use conventional techniques for large-scale particle production.’3 74
However, this is not the case for precision agriculture and nano-
enabled fertilisers. Conventional particle fabrication techniques
typically generate a broad particle size distribution and sometimes
lead to a low encapsulation efficiency.”> 76 There are few
commercially viable ways of preparing particles with a controlled
number of inner cores or to encapsulate different types of inner
cores in the same system.”7-79 Conventional preparation of nano-
carriers also exhibit a similar problem in the homogeneity of the final
products. Furthermore, in nano-enabled fertilisers, the release
mechanism of nutrients depends on the properties of the material
(e.g., composition and thickness of the coating, affinity with
nutrients) and the environmental factors (e.g., temperature, ionic
strength, osmolality, pH). Moreover, particle
fabrication methods cannot create nanomaterials with different

conventional

well-defined properties, which limits the ability to elucidate the key
parameters influencing nanomaterial performance and design. There
are also several other challenges associated with the nanomaterials
produced using conventional fabrication methods. The release of
nutrients may not synchronize with a plant’s nutrient requirement
and may be adversely impacted by changes in environmental
conditions such as moisture levels, pH, temperature, and microbial
contamination. Hence, conventional nanotechnology systems may
fail to deliver nutrients as required for different species of plants or
different nutrient requirements at each growth stages.28

Another direction of applying nanotechnology in agriculture is to
synthesize nanoparticles as fertilisers. However, the high energy
demand in the production of the nanoparticles obstructs their

4| J. Name., 2012, 00, 1-3

successful implementation.®0 In addition, the aggregation or
dissolution of nanoparticles is another major technical challenge.
These phenomena convert nanoparticles into non-nano entities and
therefore negate the size-dependent benefit of nanoscale fertilisers.
Thus, further research for nanotechnology-based fertilisers is
necessary to overcome these limitations. Microfluidic approaches

provide promising routes in the preparation of complex morphology

multiple emulsion drops with low energy requirement and
independent control of:
(i) the dimensions and hierarchical structure of the
products;81-84
(ii) the formation of multiple cores and multicomponent
capsules;8
(iii) the rate of drop generation.8¢

3. The development of controlled release

conventional fertilisers

Controlled release functions are already designed into many
conventional fertilizers so as to improve their performance.
This is typically achieved by coating the fertilizers with materials
that protect them from mechanical and chemical damage, as
well as control their release profile.

Currently, different organic (e.g. neem cake®’, latex®8) and
inorganic (e.g. sulfurg®, gypsum?, clay®l) materials are used as
coatings for controlled release fertilizers (CRF). Sulphur is one of
the most widely used materials for coating fertilisers due to its
low water permeability and price. However, sulphur coatings
are amorphous, thereby limiting the efficient control of
fertilizer release. The performance of sulphur-coated fertilisers
can be enhanced by further coating them with a layer of
polymer to produce polymer-cum-sulphur coated fertilisers.%2
Polymers such as polyurethane and alkyl resin are often used
commercially for directly coating urea to produce CRF.28 93

In general, fertilisers are submerged in a polymer solution and
stirred for a specific time. The coated fertilizers are then
removed and dried. Another way to produce CRF is to spray the
fertiliser surface layer-by-layer with the coating solution in a
rotary tank or a fluidized bed reactor. A solid shell is formed by
drying, crystallization, or polymerization to obtain the final
products.53. 94

3.1. Rotary tank for preparation of coated fertilisers

Spray drying is often used to generate core-shell structures for
controlled release fertilisers due to its ability to rapidly and
economically produce dried materials at a large-scale. Rotary
drum spraying is also commonly used to produce fertilisers
containing controlled-release nutrients.?> The initial granular
fertilisers are loaded inside a rotary tank/pan and the coating is
then sprayed onto the granules. The period of spraying the
coating material is the most important process parameter. As
the fertiliser’s surface is wetted by contacting the solution, the
particles may collide with each other to form liquid bridges
which will become larger clumps after drying. Furthermore, to
achieve a uniform thickness of the coated layer for the entire
batch, a large amount of coating material must be utilized.>3 To

This journal is © The Royal Society of Chemistry 20xx



avoid clumping or forming uneven coatings, factors such as the
position of the spraying nozzles, rotary speed of the drum, the
maximum amount of fertiliser per batch, the tilting angle of the
drum, and the processing time have to be taken into
consideration. These factors have to be optimized depending on
the equipment, fertilisers, and coating materials used.

Polymer-coated fertilisers are commonly produced using the
spray coating technique. To be successfully used for
encapsulation, the polymer material must have a relatively low
cost, be environmentally friendly, and be non-toxic. Several
polymers have been shown to exhibit excellent coating
properties. Polyvinyl alcohol (PVA) is one of the most suitable
materials as it is hydrophilic, biodegradable, and non-toxic. It
can be further improved through cross-linking with oxalic acid,
glutaraldehyde, or polyvinylpyrrolidone (PVP), which is highly
compatible with PVA, as well as being water-soluble, low

Figure 1. Microscope images for (a,d) maize, (b,e) rice and (c, f)
litter biochar-based copolymers coated urea prepared using spray
drying in a rotary tank, where (a, b, c) are the surface morphology
images (magnification of x1000) and (d, e, f) are the cross-section

toxicity and chemically stable.?% 7 The addition of biochar into
polymer coatings has been proven to increase their mechanical
strength, prolong nutrient release, and/or increase the
degradability of coatings due to its ability to adsorb soil
microorganisms.%8100 As an example, urea-based fertilizers
have been successfully coated by composite films consisting of
copolymer and biochar (Figure 1), which reduced the rate of
nutrient leaching (Figure 2).190 Chitosan is a natural cationic
polymer that can be used as a coating material to formulate
controlled-release fertilisers. Chitosan is biodegradable and has
the ability to form thin films.101 Furthermore, it can be used in
combination with various natural anionic polymers due to its
ability to form electrostatic complexes with them.102 Although
this approach has been widely used for decades, its coating
uniformity and reproducibility are still relatively low.53. 103

Figure 2. Nitrogen release behaviors in soil: (Y1) maize, (S5)
rice, (K6) litter biochar-based copolymers coated urea
particles, (X) conventional slow-release urea and (U) pure
urea particles (with kind permission of Elsevier00)

views of the coated urea (magnification of x3000) (with kind

permission of Elsevier100)

3.2. Fluidized bed reactor

While the rotary pan coating process usually produces shells
with rough surface morphology, a lot of pores and defects,
coated fertilisers with good coating quality and uniform
thickness can be achieved in fluidized bed reactors. Inside the
bed column, the granules are first suspended in a fluid-like state
using a bottom-up air supply and are then spayed with a coating
solution to form a shell.104106 The coating material can be
introduced into the reactor via top spraying, bottom spraying,
or submerging inside the bed, as shown in Figure 3.107

The swirling bed reactor, where granules are forced to flow in a
designed orbit under the influence of an air stream, is
considered to be the most reliable equipment for the
production of CRF using the fluidized bed method %4. One
instance of applying this type of device is the coating of granular
urea with modified corn starch solution.1% The coating was
tested for its ability to act as a physical barrier to prevent
nitrogen loss. Poly(acrylic acid) (PAA) is also a suitable candidate
for coating urea due to its low cost, biodegradability, and
biocompatibility.19% 110 |n some cases, the difference in whether

This journal is © The Royal Society of Chemistry 20xx

the copolymerization happens before or simultaneously with
the coating process can lead to a change in coating properties,
as shown in Figure 4.111 Some other parameters can also affect
the quality of the coated fertilisers produced using this
approach. The coating thickness depends on the size of the
granules and the viscosity of the coating solution.12 The mass
of polymer deposited on the surface is affected by the initial size
distribution of the granules.112 The nozzle injection process also
contributes to the quality of the coating in terms of controlling
the size distribution of the droplets by changing the injection
pressure.l4 However, spray droplets produced at very high
pressures may exhibit drifting through the air and splashing
from exposed surfaces, which is undesirable for the production
of uniform coatings. It is typically necessary to optimize the
spray parameters to ensure good coating formation, reduce
operating cost, and reduce environmental impacts. Another
factor that needs to be optimized is the volume of coating
solution as excessive uses may result in large clumps when the
granules are dried, as well as leading to de-fluidization of the
bed.>3

J. Name., 2013, 00, 1-3 | 5
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Figure 3. Nozzle positions in fluidized bed reactors: (a) top, Figure 4. SEM images of coated urea: (a-c) coating polymerization
(b) bottom and (c) submerged sprayed fluidized bed. occurred before coating; (d-f) copolymerization and coating
(redrawn with kind permission of American Chemical occurred simultaneously. (with kind permission of Brazilian
Society 107) Polymer Association 111)
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Figure 5. V-star reactor at Chechen State University, Grozny (with
kind permission of IOP sciencell?)

Figure 6. Microscope image of model powder particle with coating
using V-star reactor (100x magnification and 0.9 resolution) (with
kind permission of IOP sciencell6)

Table 2. Total content of mineral nitrogen in the soil and the effect
on the growth of plant!1>

Total Biometric indicators of plant
content of | depending on the fertiliser
mineral applied
.rutro.gen Height | Massof | The
in soil (cm) bushes leaf
(mg/kg) (&) area
No fertiliser 17.5 29.0 354 0.35
Non-coated NPK 20.7 35.0 450 0.51
(100g) + biopolymer
(20g)
Biopolymer coated 28.5 46.1 501 0.75
NPK (120g)
3.3.  V-star reactor

Processes such as batch mixing or spray coating can be used to coat
fertilisers with a protective outer layer. A so-called V-star chemical
continuous flow reactor has been applied to coat conventional NPK
fertilisers with biodegradable polyvinyl alcohol.11> The V-star reactor
is a multistage reactor with the parallel stages on a horizontal
platform and the final stages act as condensers to allow
crystallization and to cool down the product (Figure 5). The coating
of model powder particles has been conducted to investigate the
efficiency of the V-star reactor.116 The average size of these coated
materials were 206 um with a coating thickness of 20 um (Figure 6).
As shown in Table 2, the total content of mineral nitrogen in the
biopolymer-coated fertiliser is higher than for conventional
materials. The application of the coated fertilizer had a positive effect
on the growth of plants, with the mass of tops and the leaf area

This journal is © The Royal Society of Chemistry 20xx

increase nearly 1.5 times compared to the use of non-coated
fertilisers.

4. Two types of reported microfluidic
nanofertiliser products

Nutrient use efficiency (NUE) is defined as the ability of plants
to obtain and transport nutrients in roots and to redistribute
them to other parts of the plant.1?” Low NUE is a systemic
problem for conventional fertilisers. Hence, farmers tend to use
a higher fertilizer input to compensate and achieve good crop
yields. This creates other problems such as distortion of the
local ecosystem due to fertiliser runoff, increase in energy and
material costs for the production of fertilisers, which increase
the economic burden on farmers, and obstruct the further
development of sustainable agriculture.118

4.1. Nutrients on nanosupports

The use of nanomaterials as a carrier for nutrients has the
advantages of being safe to users, environmentally friendly and can
be tuned to further control the release behaviour. Nutrient carrier
nanomaterials can be divided into categories based on their
composition and morphology. Five of the most mentioned
nanomaterials are nanoclays, mesoporous silica, hydroxyapatite
nanoparticles, polymeric nanoparticles, and carbon-based
nanomaterials.t?

Nanoclay consists of silicate platelets with a thickness of
approximately 1 nm, which can be separated into two major types
depending on their surface charge: anionic and cationic.11% 120
Nanoclay contains a wide range of materials from montmorillonite33
121 zeolite® to kaolinite!?2 123, These materials have been popularly
used to create carriers for nanopesticides!??, as additives in food and
beverage packaging!?® 124 and medical applications!?>. Nanoclays
possess the potential to enhance plant growth, improve NUE,
balance nutrient supply, and reduce environmental impacts. These
attributes are a result of their ability to protect and provide sustained
release of nutrients because of their unique internal structures.126-128
The nutrients are located between the platelets, which protects
them from the environment and controls their release profiles.
Hydroxyapatite (HA) is another material that is suitable for the
creation of nano-enabled nutrient delivery systems. Because of its
presence in human and animal hard tissues, HA is biocompatible and
also known as “bone mineral”. As both Ca and P are present in its
structure, it has the potential to deliver these nutrients to crops.
Furthermore, its high surface area and formation of a moderately
strong bond with urea make HA a particularly suitable material for
the slow release of nitrogen.2® 31129 Mesoporous silica and carbon-
based materials can also be utilized as fertilizer carriers due to their
large porosities and surface areas. However, demanding synthesis
methods obstruct both materials from becoming popular as nutrient
delivery systems.130-132 Chitosan is commonly explored for its
potential as a fertiliser delivery system because of its low cost, high
abundance, and good biodegradability. Indeed, NPK-loaded
chitosan nanoparticles have been developed and shown to be
effective for the protection and controlled delivery of fertilizers.32 133,
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134 Various other natural and synthetic materials have also been
researched for their potential to create nanoenabled delivery
systems for fertilisers.3% 135 |ndeed, this is a highly active area and it
is likely that new nanomaterials will be developed in the future with
novel or enhanced performance.

4.2, Microcapsules

Microencapsulation is the process of generating microspheres or
capsules with a size of 1-1000 um by using a polymeric membrane to
coat or entrap a core material (which may be solid, liquid, or
gaseous).13¢ These microspheres or capsules are engineered to
release their core at a controlled rate over long periods.’3” This
versatile technology also allows the manipulation of the
microcapsule’s properties, and thus has been used in many fields,
such as medicines, chemistry, and the food industry.138-142 The
controlled release of nutrients, when loaded in biodegradable
microcapsules, is beneficial to the fertiliser industry as it contributes
toward the goal of sustainable agriculture by producing fertilisers
enhanced performance.143

Table 3 provides a summary of polymers that have been applied for
controlled-release  purposes in  agriculture. Resins and
thermoplastics are most commonly used as organic polymer
membranes for slow-release fertilisers but they are expensive and
non-biodegradable.13¢ Thus, alternative materials are being explored
for this purpose.l** Biomass-derived materials have been widely
used for controlled release fertilisers as they are abundant, non-
toxic, economically feasible, and environmental-friendly 136, Chitosan
has been extensively used as a support material (e.g., in membranes
and granules) for controlled- or sustained-release fertilisers (urea,
NPK, CaH4P,0s, KNOs3).1%5 Lignin is a natural and biodegradable
polymer derived from lignocellulosic biomass. It slowly decomposes
from dead vegetation and eventually becomes part of soil humus,
which increases the photosynthesis production of the plant.146
Hence, urea with lignin coating has high nutrient efficiency because
the nutrients are slowly released as lignin decomposes and the
coating itself becomes a nutrient for the soil 147,148

The decomposition of a polymer in soil can be due to chemical and/or
biological processes, with chemical degradation typically occurring
before microbiological degradation. Hydrolysis is the most common
nonbiological degradation process of polymers (e.g., polyesters,
polyanhydrydes, polyamides, polycarbonates, polyurethanes) and
has been extensively reviewed in the literature.14%-151 Furthermore,
the most important factors affecting the chemical degradation of
polymers (such as polymer type, copolymer type, pH, and
temperature) have also been reviewed previously.’>2 Microbial
polymer degradation typically consists of two main steps.1>3 The first
step involves depolymerisation (or chain cleavage) under the action
of extracellular enzymes and normally occurs outside the organism.
The second step involves the transport of small oligomeric or
monomeric fragments into the microbial cells, which then undergo
mineralisation.1>3

The selection of suitable materials for the preparation of
microcapsules intended for utilization as fertilizers is critical for their
performance. In particular, NUE is an important factor that needs to
be considered when choosing these materials as it is considered to
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be a crucial standard to evaluate the quality of fertilisers.
Environmental compatibility, production costs, and potential for
toxicity must also be considered. Many of the studies mentioned
above focused on naturally occurring materials as they are
environmentally friendly, safe, and inexpensive. However,
environmental risk assessment, toxicity studies, and economic
analyses are critical for the successful commercial application of
these materials. Future studies should focus on establishing release
mechanisms and kinetic models as they have largely been ignored in
previous research, even though this knowledge will affect the dosing
and applying frequency to meet a plant’s need.

Table 3. Typical polymers used in slow/controlled-release materials

Ref

154-160

Polymers Agrochemical

Urea
KH,PO4
NPK
CaH4P,0s
KNO3

Chitosan

Hexazinone (C12H20N40,)

2-chloro; 4-chloro-phenoxyacetates
(2CPA and 4CPA)

NPK

Cellulose 161-163

Urea

2-chloro; 4-chloro-phenoxyacetates
(2CPA and 4CPA)

Paraquat ([CsH7N);]Cl,)

Alginate 160, 164

2-chloro; 4-chloro- phenoxyacetates
(2CPA and 4CPA)

KH2PO4
NPK
KNOs

156, 165,
166

Natural gum

Urea 163, 167

Bifenthrin (C23H22C|F302)

Polyurethane

5. Characteristics of microfluidic nanofertiliser
products

To answer the question of whether microfluidics can be a useful tool
in the production of nanofertilisers, we first take a brief at what this
technology has achieved over the years since it was emerged in the
scientific literature in 1997.168 The evolution of microfluidic flatform
can be divided into two distinct stages corresponding to two decades
of this technology coming to existencel®: the first stage of functional
droplet manipulation and application in simple chemical and
biological problems!70-174; and the second stage of exploration in
complex applications in the field of biology, chemistry and material
sciences using high-throughput microfluidic systems175-178, Table 4
summarises the application of microfluidic platforms in various
fields. The general advantages of all microfluidic systems include low
sample volumes, high droplet generation frequencies, the ability to
access sub-millisecond mixing time and the possibility of creating
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multifunctional systems that overcome problems that affect the
efficiency of continuous flow systems (e.g. slow mixing, surface-
molecule interactions, Taylor dispersion).17°

With the goal of preparing nano-enabled fertilisers using a
microfluidic platform, the following routes can be implemented: (i)
flow focusing of microjets to yield nanojets giving nanodroplets by
flow instability (e.g. Rayleigh-Plateau instability)180-184  or (ii)
formation of nanoemulsions by self-organisation through tailored
surfactants 185187 |n addition, nanocoating techniques for
microdroplets are known, since the term nano-enabled fertilisers can

also be implied to the nanocoating of particles. Here, the coating
thickness is on nanoscale and triggers different responses to the
stimulus in soil (e.g. pH, temperature, microorganism). These
nanocoatings can be generated layer-by-layer using microfluidic
platforms in the following way: (iii) microencapsulation of
nanodroplets 18, (iv) nanocoating of micro-nanoparticles prepared
using microfluidic platform18% 190; (v) multilayers of nanocoating for
protecting and controlled release of core!®.

Table 4. Summary of application of droplet-based microfluidics in pharmaceutical processing.

Type Material Size Application Ref.
PVA, PCL, PEG 23-47 uym Pharmaceutical/Therapeutic proteins 192
Ca-alginate 60-467 um Pharmaceutical/Therapeutic proteins 193,194
Microdroplets/ | PAH, PSS, FITC, PLLA, PLGA 50-80 um Drug carriers 195-197
Microcapsules Poly-urea 27-35 ym - 198
PEGDA ~100 Pm Cardiovascular therapeutics 199
Chitosan, Alginate ~100 gm Drug carriers, nanoparticles encapsulation 200-202
PAM 20-32 nm Gastro-intestinal tract 203
20-50 nm Pharmaceutical applications 185
Lipid NPs
~80 nm Therapeutic siRNA 186
PLGA-PEG 25-200 nm Drug discovery and clinical translation 204
PGLA-cholesterol 103-106 nm | Anticancer drug 205
Nanodroplets/ Chitosan/TPP NPs ~119 nm ) 206
Nanoparticles ") Ga'Nps <200mm | ESTe 207
Metal core-shell nanoparticles 35-85 nm - 208
:;c:gft?gzlse colorant-loaded ~12 nm Natural color drinks 209
lljscl).?onl]\l;s coated with lipid, ~40 nm i 10

5.1.  Ease of droplet formation

Conventional emulsions are colloidal dispersions consisting of two
immiscible liquids, with one of them being dispersed in the other in
the form of small droplets.2!? Oil and water are the two most
common immiscible liquids used to formulate emulsions. Emulsions
are thermodynamically unstable systems because of the positive free
energy associated with the oil-water interface, which is a result of
the hydrophobic effect. As a result, they usually have to be made
kinetically stable by adding emulsifiers or texture modifiers. Two
kinds of conventional emulsions are widely used in commercial
practice, which differs in the relative arrangement of the two
immiscible liquids: water-in-oil (W/O) emulsions and oil-in-water
(O/W) emulsions.212-215 However, it is also possible to create more
sophisticated structured emulsions such as water-in-oil-in-water
(W/O/W) or oil-in-water-in-oil (O/W/0), which are known as multiple
or double emulsions, with enhanced functional attributes. Emulsions
can be used as delivery systems themselves or they can be used as
templates to form other kinds of delivery systems, e.g., by solidifying

This journal is © The Royal Society of Chemistry 20xx

one or more of the phases. The structure of emulsions plays an
important role in the preparation of microcapsules for the protection
and release of fertilizers.?7. 192,216

The droplets in multiple emulsions can be divided into four major
groups: single-cored, multi-cored, Janus, and multiple-compartment,
as shown in Figure 7.211 Single-core emulsion droplets have an onion-
like configuration consisting of a core and one or more layers, with
each component being immiscible with its neighbours. For instance,
two (double-emulsion drops), three (triple-emulsion drops), four
(quadruple-emulsion drops), five (quintuple-emulsion drops) or
more layers can be included. However, the greater the number of
layers, the higher the production costs. Multi-cored emulsion
droplets contain a controlled number of multiple inner cores (two or
more). The inner cores can be comprised of similar or distinct liquids,
with each liquid playing a different role. Janus droplets have two
physically and chemically distinct domains. These droplets can either
be used as an inner core or an outer shell. Multiple-compartment

droplets are those with high levels of complexity in their
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configuration, such as high-order emulsions with different inner and
middle drops.

Microfluidics refers to a group of fluid manipulation technologies
that utilize a network of channels with dimensions of tens to
hundreds of micrometers.21” Microfluidic devices can produce a wide
variety of droplets with distinct morphologies and are divided into
several categories. Based on the main liquid propulsion principle, the
microfluidic systems are divided into five major groups: capillary-
based, pressure-driven, electrokinetic, centrifugal, and acoustic
microfluidic platforms.2!8 However, pressure-driven microfluidic
systems are the most commonly used for chemical synthesis because
of their ease of control and flexible design. Herein, we review several

Journal Name

widely used pressure-driven systems in preparing microfluidic
emulsion droplets.

Typically, batch methods are used for the large-scale production of
structured emulsions because of their low cost, speed, and high
capacity (Figure 8). However, it is important to optimize the
processing parameters during the development stage e.g., materials,
volumes, flow rates, stirring speeds, and processing times.218-221
Microfluidic methods may have advantages over traditional batch
methods since they can carry out several different processes in
parallel or sequentially, thereby facilitating the formation of complex
emulsion structures, as well as having the potential to be fully
automated.222:225

Single Double

Triple

Quadruple Quintuple

Mulri-core emulsion

Janus

Multiple-compartment

Figure 7. Classification of emulsion droplets based on configurations and orders (with kind permission of Multidisciplinary Digital Publishing

Institute?11)

Figure 8. Schematic illustration of (left) microfluidics reactors and (right) batch-mode reactor (redrawn with kind permission of The Chemical

Society of Japan?21)

Table 5. The comparison between microfluidic reactors and batch reactors 212

Microfluidic reactors Batch reactors
Tunable parameters Wide range Narrow range
Reaction/process time Seconds or less Hours — Days
Precise control Yes No
Reproducibility Medium - High Low
Automation Advanced Given
Consumption of reagents Low High
Scale-up probability Low — Moderate High
Cost Low cost at high performance Low cost at large quantity
Harsh conditions Yes No
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Figure 9. Size distribution and SEM image of (A) polydisperse silica microspheres generated from a shaken bulk emulsion (the scale bar is 20
um) and (B) silica microspheres generated by a monodisperse microfluidic device (the scale bar is 100 um) (with kind permission of American

Chemical Society?26)

A comparison between reactors operated under microfluidic and
batch modes is summarized in Table 5.21% 222 Microfluidic reactors
possess many superior properties when compared with conventional
batch reactors. These include, among others, continuous-flow
process with constant product quality over time, rapid heat and mass
transfer, low volume of fluids, high surface-to-volume ratio and
predictable laminar flow. They also require a very low consumption
of reagents which benefits reactions involving expensive materials.
In addition, microfluidic reactors operate in a confined environment,
and thus are suitable for operating reactions under extreme
conditions. On the other hand, a potential disadvantage of
microfluidic devices is that it is more difficult to produce the large
quantities of materials required for many commercial applications,
including fertilizers. This problem may be overcome by using
multiple microfluidic devices in parallel.

One of the most significant features of microfluidic systems is their
ability to generate monodispersed droplets. Figure 9 illustrates the
comparison of the particle size distribution of silica microspheres
produced by conventional and microfluidic methods.226 The droplets
obtained from the conventional method have a broad range of sizes,
whereas those obtained using the microfluidic device have a very
narrow range. The monodisperse droplets produced by microfluidic
devices would lead to more reliable functional attributes, such as
controlled release profiles.

5.1.1. T-Junction microfluidic devices

T-junction devices are the most commonly used microfluidic system
in the preparation of emulsion droplets from immiscible fluids. They
usually consist of one or more cross-flowing channels of continuous
and dispersed phases. T-junctions are classified based on the position
of the fluid flows (Figure 10). The mode where the dispersed phase is
introduced from a side channel into the main channel of the
continuous phase is called cross-flow.227: 228 |n contrast, the mode
where the continuous phase is fed from the side channel is called
perpendicular-flow. The interaction of the two streams of immiscible
fluids in T-junction devices generates shear forces that lead to
droplet formation. Previous studies have shown that parameters
such as flow rate ratio, injection angle, interfacial tension, viscosity
ratio, density ratio and the hydrophobic/hydrophilic properties of the
channel affect droplet generation and properties.?2% 230 For instance,
the diameter of droplets can be modified by controlling the fluid
properties, flow conditions, and the contact angle at the location

This journal is © The Royal Society of Chemistry 20xx

where the two phases interact. The position where the droplets
detach can change between the corner of the T junction and
downstream in a jet-kind mode when the flow rate ratio is altered.
Furthermore, the shape of the droplet is based on the injection angle
and this can also result in a parallel flow without droplet formation
(Figure 11).

Figure 10. Sketch of a cross-flowing T-junction microfluidic system
(with kind permission of Elsevier?2?)

Figure 11. Representative flow patterns of fluid in T-junction
channel: (a) slug flow; (b) droplet flow; (c) jet flow; (d) parallel flow
(with kind permission of Elsevier?2?)

5.1.2. Co-flow microfluidic devices

A simple co-flow microfluidic device consists of a capillary inserted in
a tube or another capillary as shown in Figure 12a.23% 232 This simple
structure is most suitable to produce monodispersed droplets where
the dispersed phase is inserted through a smaller inner capillary into
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the continuous phase moving around the capillary. The position of
the break-up of the jet to form droplets depends on the regimes of
the inner fluid. The droplets will be formed near the tip of the
capillary in the dripping regime caused by a low flow rate of the
dispersed phase (Figure 12b). When the flow rate of the dispersed
phase increases beyond a limit, the inner fluid begins to jet into the
continuous fluid along with the formation of drops downstream
through a necking process (Figure 12c).233 The average size of
droplets can be easily controlled by adjusting operating parameters
(e.g., flow rate ratio of both phases, the viscosity of the continuous
phase, the inner diameter of the capillary).

Continuous ﬁhase

(b)

(c)

Figure 12. (a) lllustration of a co-flow microfluidic device for emulsion
generation (with kind permission of Elsevier?31). Image of droplets
in(b) dripping regime and (c) jetting regime in co-flow microfluidic
devices (with kind permission of American Physical Society?33)

5.1.3. Flow-focusing microfluidic devices

A flow-focusing geometry is another design commonly used in
microfluidic devices to produce droplets 234, In the first set-up, the
dispersed and continuous phases are introduced from two opposite
ends of the same outer capillary tube.?3! As they collide at a specific
position, the outer fluid causes the inner fluid to hydrodynamically
flow focus through the inner narrow tapered capillary tube and the
droplets are formed in the inner channel (Figure 13a). The second
set-up consists of two channels that intersect to form a cross-shape,
as shown in Figure 13b.184 235 The continuous and dispersed phases
are injected into the side and central channels, respectively. Drops
can form immediately as the dispersed phase enters the inner
capillary for the first option and at the intersection for the second
option under the dripping regime or it can occur further downstream
under the jetting regime. This phenomenon allows the size or shape
of the droplets to be tailored for particular applications.
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(a)

(b)

Figure 13. lllustrations of flow-focusing microfluidic devices for
making droplets with the different set-up: Opposite flows (a) and
intersect flows (b)

5.1.4. Combination

The combination of different types of microfluidic systems or a series
of the same system can be used for the formation of emulsions with
complex hierarchical structures.z3¢ These multiple emulsions are
utilized for specialized applications such as the encapsulation and
release of materials in cosmetic, pharmaceutical, and food
applications. One of the most commonly used designs is the
combination of both co-flow and flow-focusing in the preparation of
double emulsions (Figure 14). The device consists of two end-to-end
positioned circular capillaries within an outer capillary. Three fluids
flow through the device in a specific direction. The inner and middle
fluids flow in the same direction while the outer fluid flows in the
opposite direction, which creates a flow-focusing mode. A set of two
co-axially arranged capillaries in a tube also allows the production of
double droplets.23” Multiple encapsulations can also be performed
using a microfluidic system that consists of a series of co-flowing or
flow-focusing layouts. As shown in Figure 15, two sequential co-flow
geometries are positioned coaxially for the optimum performance.
The advantage of this set-up is the ability to prepare complex
emulsion structures by simply adding more stages.

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Please do not adjust margins

Journal Name

Figure 14. lllustration of a microcapillary device that combines co-
flow and flow focusing

Figure 15. lllustration of a microfluidic device consisted of two
sequential co-flow emulsion generators

5.1.5. Micromixing

The common layouts for micromixers in the laboratory scale are the
Y-mixer inlet with winding channels (Figure 16) and the spiral-shaped
microchannel (Figure 17). Mixing in microfluidic devices relies
primarily on chaotic advection and molecular diffusion, which can be
tuned by changing the contact surface and the diffusion path
between the inlet fluids.219 234, 238-240 The highly predictable laminar
flow in micromixers allows a fast and controllable mixing process that
is ideal for handling reactions with rapid kinetics or unstable
intermediate products.3% 241 During the reaction process,
micromixers also allow the addition of reactants at desired time
intervals. Thus, they provide the ability to temporally monitor and
control the reactions.242 243 Reactions can be performed under
isothermal conditions as the small dimensions of microfluidic mixers
(between 10 and 400 um) facilitate rapid heat transfer and control
244-246 \When dealing with limited resources, biological and chemical
analysis and screening can benefit from the small interval volume
required for reaction in micromixers.23* Furthermore, from the
safety-related perspective, the small interval volume of hazardous
substances and chemical reactions is significantly less dangerous
than in conventional mixing equipment.242

Figure 16. A simple design for laminar-flow microreactor
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Figure 17. Spiral-shaped laminar-flow microreactor (with kind
permission of Elsevier 240)

5.2.  Membrane fine-tuning

5.2.1. Membrane thickness modification

The thickness of the shells in emulsion-based delivery systems can be
controlled to obtain the release profiles required for specific
applications. Hence, there is a need for simple techniques to adjust
the shell thickness, such as controlling the jetting regime in
microfluidic systems.?*” The jetting regime is produced by simply
changing the flow rates of the inlet fluids. Hence, this mechanism
allows the control of the dripping instability to break the jet of the
fluids and generate multiple emulsions at a desirable position within
the device. Figure 18 illustrates the difference in forming an emulsion
under normal conditions (a) and jet regime conditions (b). Normally,
due to dripping instability in both junctions, the double emulsions
would be produced in a two-stage process where the inner and outer
drops are formed subsequently in the first and second junction of a
microfluidic device (Figure 18a). However, by causing the inner phase
to jet, the double emulsion can be formed in one step at the second
junction (Figure 18b).

Figure 18. lllustration of a double flow-focus microfluidic device for
double emulsion generation in dripping regime (a) and jetting
regime(b)

The transition between the two-stage and one-stage formation
process can be quantified by measuring the pinch-off location of the
drops. At a low flow rate, there are two distinct dripping instabilities
in the junctions, and the pinch-off locations of the inner and middle
phases are different. As the flow rate is increased, the inner phase
jetting causes the drops to pinch off at the same place, as shown in
Figure 19a. Utilization of the jetting regime enables the fabrication
of emulsions with thin shells, which cannot be achieved using the
normal two-step process (Figure 19b). This is because the flow
conditions in the one-step process allow the dripping of emulsion
drops to occur. Higher-order multiple emulsions can be created in
one-step using the same concept, e.g., a device capable of forming
triple emulsions is shown in Figure 20. In this case, the jetting fluids
break and produce multiple emulsions as the cycle progresses.
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Aside from changing the flow rates of the fluids, controlling the
height of the tapered region of the injection channel can also affect
the size of the generated droplets.2*8 In this case, the fluids are
injected into the microfluidic device as shown in Figure 21. The
breakup and formation of double emulsions are affected by the
competition of the capillary and shear forces acting on the outer
phase.248 By altering any parameters that affect the capillary force
(e.g., interfacial tension and tip dimensions) or the shear force (e.g.,
viscosity and flow rate) one can control the size of the droplets
produced. As shown in Figure 22, the size of the double emulsion
drops increases with decreasing flow rate or increasing tip height.

The shell thickness of the double emulsions can also be controlled by
changing similar parameters. For instance, it was reported to
decrease from 7.4 to 4.7 um when the flow rate was increased from
3 to 5 mL h™%, as shown in Figure 23.248 However, increasing the
height of the tip allowed the device to be operated at a lower
volumetric ratio of the middle to the inner phase (see insert of Figure
23) and thus reduced the shell thickness.

Figure 19. The pinch-off locations of the inner and outer jets (a) and
the effect on the shell thickness (b) (with kind permission of Royal
Society of Chemistry247)

Figure 20. One-step formation of multiple emulsions (with kind
permission of Royal Society of Chemistry 247)
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Figure 21. Microfluidic device for generation of double emulsion
drops with thin shells. The device contains three different heights
(shown by the different colors) (with kind permission of Royal Society
of Chemistry248)

Figure 22. Optical microscope images of double emulsion drops
generated from difference in the flow rates of the inner, middle and
outer phases of (a) 1,0.4and 3 mLhtand (b) 1,0.4 and 4 mLh-tand
tip sizes of (c) 20 um and (d) 40 um. Scale bars are 200 um (with kind
permission of Royal Society of Chemistry 248)

Figure 23. The effect of flow rate (left) and the height of the tapered
region (right) on the thickness of the membrane (with kind
permission of Royal Society of Chemistry248)

Based on the difference in the density of the cores and the shells, the
shell thickness can be reduced by passing the droplets through
constrictions in the channels. As the core’s density is lower than that
of the shell, it travels through the constrictions faster, forcing the oil
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towards the tailing end of the drop. The accumulation of oil breaks
up and forms single emulsion droplets (red circles) when it contacts
the channel walls, as illustrated in Figure 24a. The shell thickness
reduction was tested in two cases, which are the incorporation of the
constrictions into the device and the re-injection of emulsions into
another series of microfluidic channels. The incorporation of more
than three constrictions further increased the hydrodynamic
resistance of the channel compromising the process of forming
double emulsions in the device. Thus, the reduction efficiency was
not as effective as the re-injecting the emulsion drops into a new
device with constrictions (Figure 24b).

Usually, the dimensions of the microchannels are adjusted to control
the size of the droplets produced without the need to alter the
properties of the fluids. But this is time-consuming and challenging
for large-scale commercial applications. Yet, this bottleneck can be
overcome by utilizing the difference in osmotic pressure between
the inner and outer phases.?*® Capsules prepared by solvent
evaporation such as PGLA double emulsions are most suitable for this
approach. These microfluidic droplets are first generated using a
microchannel device with a salt solution of a given concentration as
the inner phase. The emulsions are then transferred into a glass
cuvette which is later filled with a salt solution of a different
concentration (e.g. NaCl). The droplets either shrink or swell due to
the diffusion of water out of or into them caused by the difference in
electrolyte concentration between the two phases. After the drop
had reached equilibrium, the capsule is formed by removing the
organic solvent in the oil phase (Figure 25).

The effect of inner and outer salt concentrations on the droplet size
is illustrated in Figure 26. The inner droplets shrink if the salt
concentration in the inner phase is lower than that in the collection
solution and swells in the opposite situation. After 2 hours of osmotic
annealing, from the initial inner diameter of approximately 150 um,
the inner phases were reported to reach their equilibrium size and
the final microcapsule diameter ranged from around 80 to 300 um
(Figure 26).

Figure 24. (a) Optical microscope image of constrictions to reduce
the shell thickness of the droplets. Removed oil droplets are shown
by red circles; satellite droplets resulting from the production are
indicated by blue arrows. (b) Effect of the number of constrictions on
shell thickness. (with kind permission of Royal Society of
Chemistry248)
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Figure 25. Schematic illustration of tuning the size of double
emulsions and microcapsules by osmotic annealing (with kind
permission of American Chemical Society 249)

Figure 26. The effect of osmotic pressure on PLGA microcapsules: (a)
microscope images of PLGA microcapsules under different osmotic
pressure and (b) the diameter changes of the inner droplets under
osmotic annealing (b) (with kind permission of American Chemical
Society?4?)

5.2.2. Membrane solidification

The stability and retention/release characteristics of microcapsules
produced from multiple emulsions can be improved by solidifying
one or more of the phases inside them. Currently, there are four
commonly used methods for shell solidification: polymerization,
solvent evaporation, freezing, and dewetting.250 The selection of a
particular solidification method depends on system composition and
the requirements of the final application.

Polymerization. Polymerization involves the covalent crosslinking of
monomers or oligomers dispersed in one or more of the phases of an
emulsion droplet to create a shell (Figure 27a). Heat triggering
utilizes a thermal initiator to produce radicals to activate monomers.
However, this process may promote the coalescence of some oil
droplets at high temperatures. Light triggering overcomes this
disadvantage and is the easiest route to initiate the polymerization
process. A photo-initiator is typically used that produces radicals
when exposed to UV irradiation (Figure 28). It is important to select
an appropriate precursor and crosslinking method as this determines
the functional characteristics of the shells formed (Table 6). The
robustness of the shells formed, as well as the short processing times
required to create them, has meant that polymerization has been
widely used for shell solidification.

Solvent evaporation. Solvent evaporation is a process whereby a
volatile solvent initially located in the middle phase of an emulsion
droplet diffuses into the continuous phase or vaporizes into the
environment.2’1 As a result, the material in the middle phase is
concentrated and forms a solid shell (Figure 27b). This means solid
shells can be formed using polymers that can dissolve in volatile
solvents, such as poly(lactic acid) (PLA)>® and poly(lactic-co-glycolic
acid) (PLGA)7, The size of the inner core can be altered by changing
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the osmotic pressure of the surrounding medium, when the
consolidation process is happening. However, this method requires
a long lifetime of the emulsion drops as it is a relatively slow process.
The stability of the multiple emulsion can be improved by the
adsorption of a molecular surfactant or colloidal nanoparticles onto
the interfaces to form a barrier against coalescence until the
solidification process is completed. The solvent evaporation method
produces densely packed shells with high mechanical stability but
low chemical resistance. However, it can be utilized in certain
applications, as it can be beneficial for chemical triggered release of
the inner phase 252, This method also has an advantage over
polymerization in its ability to produce ultrathin shells.

Freezing. This method utilizes the transition of a material from a
liquid to a solid state to form a solidified shell. It, therefore, requires
the utilization of materials with appropriate melting behaviours, such
as hydrocarbons or other lipids that have freezing points in the range
of 30-50°C.20 During emulsion formation, the system is kept at a
temperature above the freezing point of the middle phase so that
the molten fluid can flow through the channels in the microfluidic
device and form a liquid shell. After emulsion formation, the system
is then cooled below the freezing point to solidify the shell (Figure
27c). This type of microcapsule can serve as a delivery system with
temperature-triggered release properties. However, shells prepared
using the freezing method often have relatively poor mechanical
stability, which can result in the leakage of encapsulants due to the
formation of pores and cracks, which may limit the application of this
method in some cases.

Dewetting. The dewetting process uses a mixture of two distinct
organic solvents, one with good volatility and the other with poor
volatility, containing either lipids or amphiphilic polymers for the
middle phase to form microcapsules with a molecular bilayer
membrane. Interfacial energy is minimized as amphiphiles are
aligned at both the inner and outer phases. The solvent with higher
volatility rapidly diffuses to the outer phase leaving the solvent with
lower volatility. The hydrophobic parts of the amphiphiles which
remain in the oil phase are pulled together as the quality of the
solvent decreases. Upon contact, the two monolayers overlap to
form a bilayer as shown in Figure 27d. The bulb is formed from the
expelled oil drop from the middle phase of the emulsion and it can
either remain or completely separate from the core leaving a single
bilayer on the interface.

16 | J. Name., 2012, 00, 1-3

Figure 27. The schematic images showing the process of shell
solidification: (a) polymerization, (b) solvent-evaporation (b), (c)
freezing, and (d) dewetting (with kind permission of Royal Society of
Chemistry230)

Figure 28. Schematic illustration of microfluidic system with UV
polymerization

Table 6. List of some monomers used in UV polymerization

Monomers Coatlng.
properties

Tripropylene glycol diacrylate (TPGDA) 253-255

Trimethylolpropane triacrylate (TMPTA) 256

Ethoxylated trimethylolpropane triacrylate Rigid shell

(ETPTA) 257

1,6-hexanediol diacrylate (HDDA) 258

Ethylene glycol phenyl ether acrylate (EGPEA) Elastic shell

259

Poly(ethylene glycol)diacrylate (PEGDA) 260.261 | Hydrogel shell

. . Temperature-
Poly(N- | de) (PNIPAm) 262 .
oly(N-isopropylacyamide) ( m) responsive shell
. H iti
Poly(acrylamide-co- carboxyethyl acrylate) 263 Ehelslenﬂ ve

5.3. Nanodroplets formation

The formulation and manufacturing of nanodroplets have been
widely studied using multiple conventional preparation processes
(e.g. high-pressure homogenization264 265, high-speed mechanical
agitation266. 267 sonication268 269), each with their pros and cons in
terms of operation, cost, yield, consistency, and size distribution.27°
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Microfluidics is also a candidate technology for the preparation of
nanoscale droplets. Malloggi et al. used flow-focussing in microfluidic
devices to study the generation of simple and multiple droplets.2’!
Their object was to generate droplets within the colloidal range and
they had successfully obtained droplets whose sizes were between
900 nm to 3 um. Having implemented a tip-streaming (thread
forming) regime in a droplet-based microfluidic platform, Martz et al.
have been able to generate populations of primary sub-micrometer
droplets, as shown in Figure 29.181 A very thin thread of fluid is pulled
from the tip of the microchannel and subsequently breaks up into a
series of droplets with one order of magnitude smaller than the
primary thread.2’2 Martz et al. reported that the pressure-controlled
reagent delivery system is the most important component to
maintain the constant flow rates and consistent tip-streaming to
produce droplets with diameter of 300-400 nm.!8! Shui et al.
obtained a similar diameter of monodisperse droplets using
multiphase nano-microfluidics.2’? They used a droplet-based
microfluidic that included nanochannels with a height of 100-900 nm
and successfully prepared nanodroplets with diameter as small as 0.4
um. Xu et al. successfully prepared nanodroplets with diameter as
small as 200 nm by utilizing tip-streaming regime in flow-focusing
microfluidic platform.183 Recently, Melich et al. have prepared
perfluorocarbon nanodroplets (PFC-NDs) in the range of 200-400 nm
using a commercially available staggered herringbone microfluidic
mixing (SHM) systems.2’4 The SHM systems allow the millisecond
mixing of surfactant dissolved in organic phase with a water stream
which enables the robust synthesis of monodisperse droplets by
supressing the mass transport effects that lead to larger and
heterogenous aggregation.185 274 275 The size and uniformity of the
PFC-NDs was also reported to be fine-tuned by changing the process
parameters (e.g. total flow rate, flow rate ratio) and formulation
parameters.

Figure 29. (a) Optical images of the tip-streaming regime in a flow-
focusing microfluidic device with different flow rate ratios of oil
phase (Qc) and water phase (Qq). (b) Optical image of the prepared
droplets with a diameter of 10.6 um, 2.1 pum and 0.7 um. (c) TEM
image of nanodroplet with a diameter of 200 nm prepared using the
same device (with kind permission from the Royal Society of
Chemistry83)

This journal is © The Royal Society of Chemistry 20xx

Figure 30. (a) Optical microscopy image of silica droplets
precursor in a flow-focusing microfluidic device and (b) TEM
images mesoporous silica microspheres (with kind permission
of American Chemical Society 226)

Figure 31. (A) Experimental setup for the microfluidic synthesis of
mesoporous silica nanofibers (B) mixing in microfluidic spiral channel
simulation using COMSOL. (C) Illustration of the formation of
mesoporous silica fibers (with kind permission of American Chemical
Society?7¢)

5.4. Adsorbate fine-tuning

5.4.1. Mesoporous silica particles

Mesoporous silica with different structures (e.g., sphere,
ellipsoid, cube) can be prepared using a wide range of methods.
However, each of these methods has its advantages and
limitations. The evaporation-induced self-assembly (EISA)
method uses various types of surfactants and block co-polymers
to synthesize well-ordered thin silica films and particles.277
However, the dimensions of the mesoporous silica particles
produced are usually inconsistent. Mesoporous silica fibres can
be synthesized using electrospinning and hydrothermal
treatments, but they often have low yields, high energy
requirements, and poor reproducibility 278281 Microfluidic
systems provide a straightforward and promising platform for
the synthesis of monodisperse mesoporous silica particles.

A flow-focusing microfluidic device can generate monodisperse
drops that can act as templates and reactors for producing
particles from synthetic or natural polymers (Figure 30a).
Monodisperse mesoporous silica particles with highly uniform
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pore sizes can be prepared in these systems utilizing the EISA
and solvent evaporation methods (Figure 30b).

Different morphologies of mesoporous silica can also be
prepared using microfluidic devices, such as fibre structures.
Figure 31 illustrates a spiral-shaped microfluidic reactor used to
synthesis silica fibres. The ammonia-catalysed hydrolysis and
condensation of TEOS using CTAB as a structuring agent can be
performed using this design to produce
mesoporous silica.

As shown in Figure 32, mesoporous silica fibres with average

microfluidic

diameters of approximately 130 nm can be obtained at the
outlet of microfluidic reactors. The mesoporous channels on the
fibres are well-aligned with each other (Figure 32F). The
production of mesoporous silica fibres using a microfluidic
reactor can be achieved in less than 4 seconds due to the fast
reaction kinetics involved.

Different types of functional nanoparticles can be added into
mesoporous silica particles due to the flexibility of microfluidic
instance, Fe304 have been
fabricated using a coprecipitation method and then mixed with
the reagent
mesoporous silica (Figure 33).240 This strategy can also be

reactors. For nanoparticles

inlet to allow the generation of magnetic

applied to produce other kinds of nanoparticles e.g., silver
nanoparticles or quantum dots.

Figure 32. (A-C) SEM images and (D-F) TEM images of
mesoporous silica nanofibers (with kind permission of American
Chemical Society?7¢)

Figure 33. TEM images of (i) FesO4 and (ii) silica sphere-magnetic
nanoparticle (SS-MNP); (iii) magnetic separation behavior of SS-
MNP under an external magnet (with kind permission of
Elsevier249)

5.4.2. Hydroxyapatite

Hydroxyapatite (HAp) nanomaterials can also be produced
using and microfluidic devices.
Conventional methods include sol-gel procedures282-285,
hydrothermal syntheses286-288  solid-state reactions28% 290 gnd
direct precipitation of aqueous solutions291-293,_ Although these

conventional methods

methods provide a good strategy for the preparation of
hydroxyapatite nanomaterials with enhanced bioactivity,
mechanical, and surface properties, the control of the
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morphology of these materials still remains a challenge.
Microfluidic systems can be used for the rapid synthesis of HAp
with less reagent consumption and more controlled
morphologies.

Possessing the ability to separate each droplet and to allow the
addition of new reactants by diffusion through the middle
shells, double droplets have been utilized as microreactors for
the synthesis of HAp nanopowders.2®* Double emulsion
droplets containing calcium and phosphorous precursors have
been prepared using a glass capillary microfluidic system (Figure
34a). To trigger the HAp formation reaction, the pH was
adjusted by adding an alkali (e.g., ammonium hydroxide) to the
continuous phase. As shown in Figure 33b, the reaction
happened immediately after the addition of NH4OH resulting in
instantaneous precipitation. After 91h, the solid precipitated
structure remained intact while the droplet exhibited swelling
due to the difference in the osmolality of the inner drop and
outer phase (Figure 34c). At this point, the shell got thinner and
would likely burst to release the precipitates.

Figure 34. (a) lllustration of the glass microfluidic device for
double emulsion droplets formation. (b-e) Optical microscope
images of double emulsion drops: (b) immediately and (c) 91 h
after the addition of NH4OH solution. Optical microscope
images of (d) a hydroxyapatite particle aggregate formed and
(e) oil shells at higher magnification (with kind permission of
American Chemical Society294)

The same concept of using droplet fusion as a basis to form
microreactors for the preparation of HAp have been
implemented in simple double T-junction microfluidic reactors
(Figure 35a).2%5 Droplets containing phosphorus and ammonia
precursors were formed and then interacted with calcium
through droplet fusion (Figure 35c). Droplet fusion allows
precise mixing of reagents at a desirable position in space and
time by having different components in different droplets.2°6 As
shown in Figure 35d, the HAp powder obtained contained
bundles of monodisperse needle-like crystals.
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(d)

Figure 35. (a) Sketch and (b) prototype of the microfluidic fusion
chip. (c) Microscope image of the droplet fusion process. (d)
TEM images of dried hydroxyapatite powder (with kind
permission of IOP science?®3)

In general, different designs of microfluidic systems can be used
to create particles with different shapes. Figure 36a illustrates a
microfluidic system composed of two associated Y-junction
chips designed for the synthesis of HAp nanorods.2%7. 298 The
morphology of HAp was controlled by the addition of
surfactants (CTAB) as the micelles were converted from
spherical into rod-like shape when the surfactant concentration
surpassed the critical micellar concentration. The obtained HAp
nanorods corresponding to the CTAB micelles with a narrow size
distribution were confirmed by TEM analysis (Figure 36b).

Figure 36. (a) lllustration of the microfluidic system for
preparing HAp nanorods, (b) TEM image and (c) SEM image of
hydroxyapatite nanorods (with kind permission of American
Chemical Society?97)

5.5. Sustained/triggered release behaviour

Microfluidic devices can be designed to create fertiliser
which
allows precise control of the nutrient concentration in the

formulations with sustained-release characteristics,

media nourishing the crops. As an example, microfluidics has
been used to prepare emulsions consisting of an inner aqueous
phase encapsulated by a solidified poly(lactic-co-glycolic acid)
(PLGA) membrane.’®” These microcapsules were stored in a
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phosphate buffer solution (pH=7.4) for several months to
observe their release behaviour. The most important factor that
impacted the release rate of the capsules was the membrane
thickness (Figure 37). For instance, 13%, 9%, and 6% of the
initial inner phase of the capsules was released within the first
24 hours for membrane thicknesses of 70, 105, and 105 nm,
respectively (Figure 37f). After 90 days, more than 85% of the
microcapsules with a thickness of 70 nm released the aqueous
core (Figure 37b). It took 120 days and 150 days to release 80%
of those with a membrane thickness of 105 and 150 nm,
respectively (Figure 37c,d). These results highlight the ability to
tune the release characteristics of microcapsules by altering
their internal architecture.

Poly(lactic acid) (PLA) membranes can also be used to create
sustained-release formulations due to their biodegradable
characteristics. For instance, the inner cores of microcapsules
containing thin PLA shells were slowly discharged over months
when suspended in aqueous surfactant solutions (Figure 38).58
This process can be accelerated by creating a high osmolality
difference between the core and the phase. In Figure 39,
capsules with a higher osmolality dispersed in distilled water
started to release the inner phase within a day. After 61 hours,
all the interior core had escaped.

Another desirable feature for some applications is to have smart
capsules that can trigger the release of an active agent under
some targeted conditions, such as a specific pH, ionic strength,
temperature, or enzyme activity range. For example,
microfluidic prepared polystyrene (PS) capsules have been
shown to exhibit triggered release behaviour in a liquid
plasticizer stimulus.252 A mixture of inert linear alkanes and
toluene (10, 50, and 100 wt%) in oil was prepared to investigate
the trigger release behaviour of the microcapsules. The
adsorption of toluene caused the membrane to be fluidized and
the capsule structure was restored to that of a double emulsion.
The inner phase was driven out of the capsule through this
localized surface defect. The encapsulated cargo was rapidly
released (< 1 sec) after the membrane burst after it was
exposed to a pure toluene stimulus (Figure 40a). The toluene
within the oil mixture was then reduced to 50 wt%. The inner
phase of the capsules was gradually released over a 75 s period
and the capsules exhibited shrinkage during this process (Figure
40b). The capsules achieved a slower and more sustained
release of the encapsulant when the toluene content was
reduced further to 10 wt%. In this case, the fully released
duration was 12 minutes and the capsule membrane deflated
(Figured 40c).

An experiment on the effect of pH on the triggered release of
microcapsules was conducted by Lee et al.1%7 Microcapsules
with 105 nm thickness were used to study this influence and
were separately suspended in three solutions with different pH
values (pH 2, 7.4 and 9). As shown in Figure 41, the capsules in
the acidic and alkaline medium had a faster release rate than
those in pH 7.4. After 50 days, only 45 % of capsules were
released in pH 7.4 while approximately 82% and 90% were
released in pH 9 and pH 2.
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Figure 38. (a) Microscope images of microcapsules after 33, 55
and 71 days. (b) Fraction of unruptured capsules as a function
of time (with kind permission of Royal Society of Chemistry>8)

Figure 37. (a) lllustration of the release of the core through a
hole formed by degradation of the thinnest part on the
membrane. (b-c) SEM images of membrane cross-sections with
fluorescence microscope images showing the release of the
inner phase with the membranes average thicknesses of (b) 70,
(c) 105, and (d) 150 nm. Cumulative release of inner phase from
microcapsules with membrane thicknesses of 70 nm (black
circles), 105 nm (red triangles), and 150 nm (blue squares) in (e)
200 d and (f) 1 d (with kind permission of (with kind permission
of Wiley VCH1%7)

Figure 39. Microscope images of microcapsules dispersed in
water after the preparation, 25 hours, 37 hours and 61 hours
(with kind permission of Royal Society of Chemistry>8)

Figure 40. Time-lapsed microscope images showing release behavior of capsules exposed to different concentrations of toluene
stimulus: (a) 100 wt %, (b) 50 wt %, and (c) 10 wt % (with kind permission of American Chemical Society252)
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Figure 41. Fluorescence microscope images of microcapsules prepare by a co-flow microfluidic system with 105 nm thick
membrane at (a) pH 2 and (b) pH 9 and (c) the cumulative release of inner phase from the microcapsules at pH 2, 7.4 and 9

(with kind permission of Wiley VCH 197)

5.6. Multi-core and non-spherical core hierarchy

Crops usually require a variety of nutrients and thus farmers
tend to apply different types of fertilisers at different stages
throughout the year. This process is time-consuming and the
majority of nutrients usually runoff before they can be absorbed
by plants. Owing to the ability to generate multiple core
capsules using microfluidic devices, it is possible to prepare
multi-functional fertilisers consisting of many nutrients, which
only need to be applied to the soil once and still provide enough
nutrients for plants.2?® This is a significant advantage of
microfluidic-prepared capsules over the usage of nanosupports
for nutrient adsorption as the concentration of nutrients can be
precisely controlled from the beginning and it can be easily
changed by altering process parameters.

Microcapsules with solid cores have been prepared using a T-
junction microfluidic system that can create single and double
capsules.3%9 When the dispersed phase is injected at a fixed flow
rate, the number of cores depends on the flow rate of the oil
phase. As shown in Figure 42a(i)-(v), at a low flow rate of the oil
phase, no breakup of the dispersed phase happens before the
second core enters the channel creating droplets with two solid
cores inside.

Microfluidic encapsulation allows the incorporation of multiple
actives that may be incompatible with each other and therefore
need to be separated. Alternatively, microfluidic devices can be
designed to incorporate multiple actives that need to be
released in response to different environmental triggers. As a
result, there has been great interest in preparing
multicomponent microcapsules using this method. The addition
of an injection capillary can be integrated into double or even
triple capillary microfluidic devices, with each capillary acting as
a transportation channel of different cores (Figure 43a-d).
Different combinations of solid cores can be generated, such as

This journal is © The Royal Society of Chemistry 20xx

A+B (Figure 43e), A+2B (Figure 43f), 2A+B (Figure 43g) by
adjusting the flow rates of the fluids in each capillary channel.
Coating non-spherical particles with a uniform shell thickness,
which is difficult to achieve using conventional coating
methods, while preserving the shape and curvature of the
particle surface, can be performed with ease using microfluidic
technology. By pulling the particles across the interface of
aqueous and non-aqueous phases using magnetic forces in a
microfluidic chip, non-spherical particles can be covered with a
uniform shell.301 Figure 44 shows bullet-shape magnetic
particles passing through the interface during the coating
process.392 They are covered with a thin film of the aqueous
phase and continue to move through the oil phase. Close-up
images of the coating process are shown in Figure 45a-c and the
coating fluid of the particle is approximately uniform as shown
in Figure 45d.

Figure 42.(a) Real-time images of the formation process and (b)
optical image of droplets with two solid cores, the scale bar is 1000
pum (with kind permission of Elsevier390)
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Figure 43. Multi-core encapsulation via parallel microcapillary
chip: (a) schematic illustration; (b) microscope photographs of
microchannels; (c, d) real-time microfluidic images; (e)
combination of A + B; (f) combination of A + 2B; (g) combination
of 2A + B (with kind permission of Elsevier3%3)

Figure 44. lllustration of the microfluidic device for coating of
non-spherical particles using magnetic forces (with kind
permission of American Institute of Physics302)
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Figure 45. Microscope images of real-time coating of non-
spherical particles. (a) The particle reaches the interface. (b) It
passes from the aqueous (lower) phase to the non-aqueous
(upper) phase. (c) The particle is conformally coated with the
aqueous phase. (d) The fluorescent image of the coated particle
(with kind permission of American Institute of Physics 392)

5.7. Active droplet-based microfluidic platforms

The active microfluidic platform can be divided based on the
energy type: electrical, magnetic, thermal and mechanical.3%4 In
electrical control, the manipulation of droplet generation can
be performed by using electric energy (direct current - DC or
alternating current — AC).395. 306 An electric field was applied on
the microfluidic device using embedded electrodes and this will
cause charges to migrate and accumulate on the fluids
interface. By applying an appropriate distribution of the electric
field to control the interaction between surface charges and
electric field, we can have additional control of droplet
generation.397 Electro microfluidic platforms can be further
divided into constant DC3%, DC pulse3%, low-frequency AC3%
310 high-frequency AC3%. Magnetic control applies to the use of
magnetism to control the generation, transport, splitting,
morphology and position of droplets in microfluidic
platforms.311-315 |n general concept, this type of active
microfluidics requires the usage of either oil-based or water-
based magnetic fluids of suspended magnetic particles with a
size less than 10 nm that can be magnetised/demagnetised with
the apply/withdraw of a magnetic field either.304 311 The
implementation of the magnetic field can vary based on the
factors including the type of magnet (permanent magnets311, 316
or electromagnets317.318) or the characteristics of the magnetic
field: uniformity (non-uniform31% 319 gnd uniform field316 320),
direction to the main flow31? (parallel, inverse polarity or
perpendicular), of the
microfluidic chip. Manipulation of droplets generation by
utilising the temperature dependency of the fluid viscosity and
interfacial tension is classified as thermal control. It can be

in-plane316. 318 or out-of-plane320

divided into localized heating321323, or heating the entire
microfluidic device32* with the heat source being heater or
laser. Microfluidic platforms where the sound wave is used to
control micro- or nanoscale objects or fluids are classified as
acoustic microfluidic devices. This type of device has been
reviewed in literature325> with a wide range of applications such
as processing of single-cell
manipulation, and analysis339-332 tissue engineering333-335,

nanoscale analytes326-329,
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6. Scale-up strategies of microfluidic reactors
for industrial uses

From a technological perspective, microfluidic technology may
surpass conventional processes. However, the biggest challenge
to applying microfluidic reactors for the industrial production of
nanofertilisers is their relatively low throughout put. Assuming
a continuous production line, a microfluidic reactor with a single
drop generation unit (DGU) with ideal droplet formation
characteristics may only give a production yield of a few g h-1.
Thus, it would only produce a few 10 kg per year.33¢ A real-case
fertiliser production plant operates at several 100,000 t a-1. That
would translate to millions of microfluidic devices and
corresponding equipment such as pumps, which would be cost-
prohibitive. The total global demand for nitrogen, phosphorus,
and potassium fertilisers use in 2021 is forecasted to be
approximately 200 million tonnes.337 There is therefore a clear
need for a proprietary solution for scale-up for droplet-
generating microfluidic devices.

The most viable option for scale-up production using droplet
generation units must guarantee two levels of structural
integration. The first level is to incorporate as many parallel
units in one reactor (or chip) as possible to increase the output
per pump. The second level is to integrate multiple chips with
hundreds of units into a production plant.33® The common
layouts of microfluidic channels for the distribution of fluids into
multiple DGUs that preserves the structural integration are tree
networks (Figure 46a) and ladder networks (Figure 46b). The
tree-type network is more energy efficient in terms of feeding
the DGUs. However, if a defect occurs in one branch, the
symmetry of the system will be broken and affect the entire
droplet formation process. The ladder network offers a design
that is more compact and less affected by the random defects
in the channel size.

(a)

(b)

Figure 46. Common layout of microfluidic channels for
production scale-up: (a) tree network and (b) ladder network
6.1. Simple droplets formation

This journal is © The Royal Society of Chemistry 20xx

Conchouso et al. designed a tree-type (or petal-type) device
that consisted of 512 parallel DGUs by stacking multiple layers
of DGUs organized in a circular array (Figure 47).33° Each layer
of droplet generation comprised 128 DGUs and was
interconnected using through-holes. The minimum dispersity
for the devices occurred at 120 mL h! per layer and four layers
can reach disperse phase production rates of 1 L h-1. The droplet
size variation was as low as ~6% even though the devices were
fabricated with a channel accuracy larger than 4%.
Tetradis-Meris et al. described a design strategy to scale up to
180 cross-junction DGUs for the production of monodispersed
emulsions with droplet diameter variations less than 5% 340.
The device was set up using layers of channels stacked on top
of each other. The top, middle, and bottom layers are the drop
generation layer, continuous phase distribution layer, and
disperse phase distribution layer, respectively. The 20 cross-
junction DGUs were arranged in one parallel line and there were
9 lines on the top layer. Figure 48 illustrates a strategy for
connecting the cross-junction DGUs using a ladder-type
network. The two separate drainage channels (one for each
phase) allow the assistance of the start-up and clean-up
process.

Figure 47. (A) The stackable configuration of a parallelization
chip composed of at least four layers: cap layer, oil and water
distribution networks and drop generation layer(s). (B) A close-
up illustration image of the flow-focusing DGU in the generation
layer. (C) A single corner or petal that can be treated as an
independent unit, DGUs in a petal share inlet and outlet. (with
kind permission of Royal Society of Chemistry339)
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Figure 48. Ladder-type network of cross junctions integrated
into a single chip. Three microfluidic layers stacked on top of
each other (redrawn with kind permission of American
Chemical Society 340)

Nisisako and Torii successfully incorporated a 42 x 42 mm chip
with 256 DGUs consisting of 128 inlet holes for the disperse
phase and 64 inlet holes for the continuous phase for the
preparation of photopolymerizable acrylate monomer droplets
(Figure 49).341 The key feature of this design was the bifurcation
geometry which allowed the reduction of the number of inlet
holes and the device size.

(a)

42 mm

(b)

Figure 49. Planar microfluidic geometries for mass-producing
monodisperse droplets. (a) Schematic of the 128 cross-
junctions on a chip. (b) Schematic of the magnified view of the
cross junctions with flow configurations (with kind permission
of the Royal Society of Chemistry341)

24 | J. Name., 2012, 00, 1-3

Journal Name

6.2.  Multiple droplets formation

Romanowsky et al. developed microfluidic devices that
integrated up to 15 DGUs in either a 2-D or 3-D array for
producing double emulsions with high uniformity and high
throughput.8® These devices could produce single-core double
emulsion at rates over 1 kg day? with a droplet diameter
variation of less than 6%. The design provided an efficient route
to increase the throughput even though it followed a relatively
simple scaling strategy. Figure 49 illustrates the schematic
sketches of the DGUs in 0-, 1-, 2- and 3 dimensions. The basic
one-step double emulsion generation unit (Figure 18b, 50a) was
repeated and connected using a network of larger distribution
and collection channels in both a 2-D and 3-D array. The DGUs
were connected using a single set of distribution and collection
channels (Figure 50b). The 2-D arrays were formed by
connecting all layers of DGUs to larger inlets and outlets (Figure
50c). Finally, 2-D arrays were stacked on each other to form a 3-
D array (Figure 50d). To produce similar-sized droplets, the
distribution channels were designed with lower flow resistance
than the DGU to ensure an even distribution of the input fluids
to all DGUs. Furthermore, the failure of one DGU would not
affect the performance of the others.

Another strategy to increase the throughput during double
emulsion formation is to use splitting arrays. This design
includes a series of channels that are split into two channels
several times and such positions are denoted as “forks”. As a
drop encounters a fork, it can choose to cross through one path
or split into two smaller drops at each path. This process
depends on the flow properties, channel dimensions, and
interfacial tension of the fluids. Abate and Weitz implemented
a splitting array at the end of the channel to split core/shell
droplets into smaller droplets as shown in Figure 51.342 The
parent droplet was split consecutively 3 times to produce 8
similar daughter droplets.

(b)

Figure 50. Double emulsification chips can comprise (from (a) to
(d)) 0-, 1-, 2-, and 3-dimensional tilings of microfluidic drop
maker units (redrawn with kind permission of the Royal Society
of Chemistry?8®)
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(c)

(d)

Figure 50. (continued).

(a) (b)

Outer phase

Middle phase

Inner phase

Figure 51. (a) A 3-level tree-type layout splitting array for
production of double emulsions; (b) microscope image of
core/shell droplets formed by splitting original core/shell
droplets into 8 equal portions (with kind permission of the Royal
Society of Chemistry342)
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6.3. Scale-up strategies calculation

Admittedly, reaching flow rates and product throughputs by
manufacturing in tiny devices sounds like a paradox, but nature
teaches us every day how innumerable cells can produce mega-
scale outputs. Following this idea of “equalling up” of
production, the concepts of external numbering up and internal
numbering up were introduced and coined as basic concepts,
which are still widely used in the microreactor community.343
The external numbering up relies on the parallel action of
complete microdevices and is effective typically on a level of up
to a very few 10 microdevices; with severe limits to be higher
alone for cost reasons. Companies like Hitachi have used
external numbering-up for piloting chemical production.344 The
internal numbering is more cost-efficient as it uses the relatively
chip elemental microstructures, being foils, platelets, etc. They
can be stacked at numbers of hundreds if needed. In this way,
we have shown the first micromixer operating at an industrial
lower bulk scale of 3.5 tons per litre.3> This internal
parallelisation concept follows the famous example of making
microdroplets in the bubble and inkjet printers, invented by
Siemens, Epson, Hewlett-Packard, and Canon, in the 70s and
80s.34¢ Thousands of microholes are operated in parallel, and
even with different colors (different solutions). Also, Weitz et al.
have shown the fast formation of myriads of droplets via
reaching impressive numbering-up levels in microchips with a
large number of more than 500 nozzles on a single chip that
produces up to 150 ml/h of highly monodisperse drops.34”
Pfizer’s Vaccine Manufacturing utilises an external numbering-
up of 100 static mixers, using impingement jet microfluidics, to
increase the vaccine productivity at their site in Kalamazoo (US)
to 100 million doses/month.348

We have demonstrated this concept for multiphase flows at a
numbering-up level of 8 in a robust, well-engineered
microreactor meant for industrial applications at a kilo-lab flow
rate, and design criteria and methodology were given.349-351 For
any higher flow rates, flow reactors of higher internal
dimensions may be utilised, as Corning’s Advanced Flow
Reactors.352 353 Those reactors operate at milli dimensions but
are almost as effective as their micro-scale counterparts by
effectively inducing micro-scale convection patterns, which can
result in the formation of microdroplets. Hundreds of such flow
reactors are currently in global industrial use for production,
which demonstrates their ability to fulfil commercial specs.
Other commercial microreactor manufacturers as Ehrfeld
Mikrotechnik offer similar ‘microdevices’ aiming at large scales.
Their MIPROWA production reactor for Shaoxing Eastlake
Biochemical (China) was designed for a production capacity of
up to 10,000 t/a. A throughput of about 1000 I/h has a width of
400 mm and a length of 7 m and contains about 150 rectangular
reaction channels with exchangeable static mixers.354 355

Assuming that a single microchannel may be operated at a flow
rate of up to 1 1/h,3%¢ and that internal numbering up in the style
of Weitz et al. can reach a parallelisation degree of several
hundred channels and more (we assume here 1000 for
simplicity), a throughput of 1 t/h is not out of reach. 1 t/h would
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translate to about 8500 t/a for continuously uninterrupted
operation. The specialty fertilisers targeted here are not made
millions t/a scale as typical nitrate or ammonia-based fertilisers.
The “specialty-chemical scale” of a few 10,000 t/a is most
appropriate and can be reached by external numbering up of 5-
10 microreactor blocks of above said the very high degree of
internal parallelisation.

Conclusions

Traditional fertilisers have a large impact on the environment
through over-fertilization and nutrient leaching. Therefore, the
development of smart fertilisers that enable precise delivery of
nutrients with controlled release kinetics is critically important
and successful designs of nanofertiliser have the potential to
have a significant impact in the agriculture sector. Nevertheless,
high production costs and a lack of knowledge of release
behaviour and plant’s nutrient uptake has slowed the
development and implementation of nanofertilisers. These
challenges may be overcome by using microfluidic devices to
produce nanofertilisers with well-defined compositions,
structures, and functionalities. For example, it may allow the
design of materials with specific characteristics, such as heat
resistance, chemical durability, pH responsiveness,
biodegradability, controlled release, and triggered release.
Formulations produced by microfluidic devices have been
successfully implemented in some industries, most notably for
the production of pharmaceuticals, which demonstrates the
potential of this technology. The main hurdle to the widespread
application of microfluidics to produce nanofertilizers is it is
relatively low throughout. Consequently, further research is
required to develop effective scale-up strategies. Alternatively,
microfluidic devices can be used to produce nanofertilizers with
well-defined properties (compositions, dimensions, and
structures), which can then be tested for their efficacy. The
well-defined characteristics of these formulations would
facilitate the
contributing to their functionality. This knowledge could then
be used to create more effective nanopesticide formulations
using conventional methods.

identification of the most critical features
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