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Abstract 

Several applications, ranging from petrochemical industry to pharmaceutical processes, 

involve the use of microfluidics devices in order to manipulate and study heterogeneous 

systems under flow in view of process intensification. These devices present many 

advantages, including lower flow rate compared to traditional batches, higher speed of 

heat and mass transfer, lower waste production and lower costs and operational safety. 

Otherwise, they show some drawbacks such as a lower degree of mixing, due to the 

laminar flow conditions typical of microfluidics, and solid formation, which may lead to 

the clogging of the device. For this reason, many studies are conducted to develop novel 

microsystems to combine the flexibility of batch reactors with all of the advantages of 

conventional flow systems and to understand the mechanisms basis to the solid handling, 

i.e. fouling problems.  

Here, an innovative methodology to investigate the reaction kinetics of the Buchwald-

Hartwig (B-H) cross-coupling reaction, chosen as key study, and the problem of solid 

handling in a continuous flow microreactor is presented. In particular, the first is 

investigated by developing a home-made microfluidic system to study the effects of 

process parameters, such as temperature and reagent concentration, on kinetic reaction, 

in order to optimize the microreactor set-up and the reactive process. Regarding the study 

of solid aggregation inside the device, it is examined by coupling microfluidic and 

microscopy and analyzing the effect of shear flow on surface fouling onto microchannel 

walls when running B-H reaction. To make this, a microfluidic apparatus has been 

created to process the reaction and to observe online aggregates growth and the 

subsequent clogging of the channels. 

The present work is organized as follows: in Chapter 1, a general background about 

microreactors and solids handling, which causes the clogging problems, is presented by 

describing in detail the mechanisms at the base of surface fouling. In addition, the 

organic reaction of Buchwald-Hartwig run in the microreactor is described. Motivations 

of the study are also discussed. In Chapter 2, an innovative home-made flow 
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microreactor to process and to study B-H amination is presented. In particular, the 

efficiency of the microdevice is compared to the one of traditional batch reactors and a 

detailed study on the effect of the operating parameters is showed. In Chapter 3, the 

experimental set-up based on the microreactor is used as a novel approach to make the 

system more flexible in terms of number of feeds and imposed flow rates. Initially the 

results are compared to the previous ones to validate the new set-up. Subsequently, the 

effect of the operating parameters on the reaction kinetics are investigated to elaborate a 

kinetic law. In Chapter 4, the direct visualization of particles adhesion to the wall, cluster 

growth and reactor clogging is investigated in detail by using a home-made flow 

continuous device linked to a microfluidic system, in order to visualize the processes by 

microscopy techniques. In particular, the effect of the flow rate on cluster morphology 

and on channel clogging is analyzed, proposing an experimental alternative to study and 

understand the mechanism to the base of the surface fouling. Cluster formation and 

growth are studied by both qualitative and quantitative approach also using a 

mathematical model shown in the literature. Conclusions and future works are described 

in Chapter 5. Lastly in Appendix A shows the preparation protocol of the aryl bromide 

(i.e. the limiting reagent of B-H reaction), and in Appendix B reports in detail the home-

made macro used to measure the cluster parameters, such as cluster area and cluster 

optical intensity of each image at different times.  
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1 Introduction 

Micro-structured devices in continuous flow represent a key change for chemical 

industry, i.e. in manufacture of agrochemicals, petrochemicals and pharmaceuticals.1-5 

In this chapter, the microfluidic approach is presented as a viable alternative to classical 

batch reactor for developing “green” systems for chemical synthesis. Microreactors and 

fouling phenomena are described in detail. Finally, B-H cross-coupling reaction 

mechanisms are described, as well as the operating parameters influencing reaction 

kinetics. 

1.1 Microreactors 

A microreactor can be considered as a micro-device designed to run a chemical reaction 

in order to maximize the reaction performances minimizing size, costs, reagents and 

catalyst amount as well as safety problems (Figure 1.1)6.  

 

 
Figure 1.1 The Model CFR-T consists of a 3/8-in.-diameter Type-316 stainless steel tube with mixing 
elements that divide the flow at the beginning of each element. Subsequent stretching and folding produces 
a radial motion of the high-velocity core regions outward toward the wall of the reactor, which has an inside 
diameter of about 0.20 in. (http://www.chemicalprocessing.com/articles/2006/tiny-reactors-aim-for-big-
role) 

 

The microfluidic  approach allows to run either the reactions that typically are not 

developed at small-scale, in order to have a pilot test for a further optimization of the 

process, or new reactive systems, also using renewable sources, i.e. light, sound, 

microwave, and ionic liquids.7-12 Furthermore, the use of innovative devices ,allows a 
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reduction of work-up steps and the amount of materials for the reaction, leading to 

significant changes not only within industrial and technological sector (with the 

development of automated systems or of new process model) but also in the economy 

sector, developing new business models.13-16 These factors have brought to the 

development of process intensification technologies based on microstructured devices, 

in which the process occurs at a dimension below 1 mm,17 combining the advantages of 

continuous flow operation with those of microfluidics, such as the increase of surface-

to-volume ratio compared to traditional systems, laminar flow, which is achieved by the 

combination of the characteristic dimensions at the micro-scale and the low flow 

velocities.17-19 In addition, the confined flow conditions and the small internal volume of 

the reactor allow enhanced flexibility of operations (e.g. in terms of possible number of 

feeds)20, ease of scaling-up21, minimization of potential hazards, safety of operations at 

high process temperatures22, 23 and low residence times17. The latter is very important for 

reactions with fast kinetics or for reactions which require particular conditions such as 

high temperature and mixing.24  

Indeed, a microreactor is a laminar flow reactor (LFR) if the flow is fully developed, the 

flowing fluid is Newtonian, the velocity is determined at each point by its radial distance 

from the center of the tube only and the no-slip condition is valid, see Figure 1.2. 

 

 
Figure 1.2 Velocity profile in a tube.25 

 

The velocity profile is described by the following equation: 

  

 
𝑢𝑢 = 2𝑢𝑢� �1 − �

𝑟𝑟
𝑅𝑅
�
2
� Equation 1 
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where 𝑢𝑢� is mean velocity, r is the generic position of the flow in the channel and R is the 

tube radius. To determine 𝑢𝑢�  is possible to couple Equation 1 with Hagen–Poiseuille law 

for cylindrical pipes. In fact, the Hagen-Poiseuille equation  

 

 ∆𝑃𝑃 =  
8𝜇𝜇𝜇𝜇𝜇𝜇
𝜋𝜋𝑅𝑅4

 Equation 2 

   

allows to determine the pressure drop ∆𝑃𝑃 in a channel for an incompressible and 

Newtonian fluid in laminar condition knowing the fluid viscosity 𝜇𝜇, the flow rate Q, the 

channel length L and the channel radius R. In turn, knowing  ∆𝑃𝑃 it is possible to 

determine the flow rate, which is directly proportional to the mean velocity 𝑢𝑢� 

 

 𝜇𝜇 =  𝜋𝜋𝑅𝑅2𝑢𝑢� Equation 3 

   

where  𝑢𝑢� is directly proportional with 𝑢𝑢𝑀𝑀𝑀𝑀𝑀𝑀 which is the fluid velocity in centre of 

channel  

 

 𝑢𝑢� =
𝑢𝑢𝑀𝑀𝑀𝑀𝑀𝑀

2
 Equation 4 

   

In general, it is possible to study the flow in the micro-channel by grouping the variables 

which control the system in two dimensionless parameters: Reynolds number and Péclet 

number. 

The former, Re, is the ratio of inertial forces to viscous forces:  

 

 𝑅𝑅𝑅𝑅 =
𝜌𝜌𝑢𝑢𝜌𝜌
𝜇𝜇

 Equation 5 
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where ρ is the fluid density, 𝑢𝑢 is the velocity of the fluid, 𝜌𝜌 is a characteristic dimension 

of channel (for a pipe 𝜌𝜌 is the diameter) and 𝜇𝜇 is the dynamic viscosity of the fluid. 

Typical Re for microfluidic devices is lower than 2100 (laminar regime). 

Péclet number, Pe, is the ratio of advection transport to diffusive transport and allows to 

evaluate the mixing in the channel for laminar condition.25 Generally, Pe for microfluidic 

devices can range between 10-105 and is defined  

 

 𝑃𝑃𝑅𝑅 =
𝑢𝑢𝜇𝜇
𝑘𝑘

 Equation 6 

   

where 𝑢𝑢 is the fluid velocity, 𝑘𝑘 is the molecular diffusivity of the solute and L is a 

characteristic dimension of channel.25 The latter variable depends on the Péclet number 

that is being evaluated, such as for the axial Péclet number 𝑃𝑃𝑅𝑅𝑎𝑎 it is the channel length 

while for the radial Péclet number 𝑃𝑃𝑅𝑅𝑟𝑟 the characteristic dimension is the channel 

radius.26-28 By evaluating the interplay between two Péclet numbers, if the 𝑃𝑃𝑅𝑅𝑟𝑟 ≫ 1,  (i.e. 

the radial diffusion is high), the solute goes towards channel walls, creating an 

asymmetric solute distribution which influences negatively both mixing and reaction 

kinetics. In addition, an increase of particle concentration near the microreactor walls 

can cause fouling problems (i.e. the unwanted deposition on surfaces) and consequently 

channel clogging. 

In fact, a great drawback linked to the use of the micro-reactor, besides the low amount 

of final product (this problem can be overcome by numbering-up), is clogging due to 

fouling. Many organic reactions result in the generation of insoluble compounds, a 

reason that make difficult the synthesis of these reactions in microfluidic devices.29 

However, based on the studies performed in 2005 at Lonza Exclusive Synthesis30 and at 

Green Chemistry Institute (GCI)4, many organic reactions for pharmaceutical industry 

would benefit from the continuous approach (Figure 1.3) as the Buchwald-Hartwig 

amination reaction (see paragraph 1.3 Buchwald-Hartwig reaction). 
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Figure 1.3 According to our classification of eighty-six different reactions carried out Lonza, 50% would 
benefit from a continuous process (Type A, B and C), but 63% of those reactions cannot currently be carried 
out in a micro-reactor due to the presence of a solid.30 

 

However, until now the experimental studies on particle aggregation and clogging under 

microconfined conditions has been carried out on model systems, such as polymer-based 

colloidal suspensions, with a well-defined particle size and chemistry. Thus, the fluid 

dynamic behaviour of solids arising from chemical reaction, very pertinent with 

industrial applications, is still an open problem. Therefore, there is the need of a 

systematic quantitative investigation on fouling in micro-scale devices, allowing their 

further optimization.30, 31 

1.2 Fouling and clogging 

The undesired sedimentation and/or accumulation of suspended, dissolved or chemical 

generated solid material on clean solid surfaces is known as surface fouling. This 

phenomenon depends on the chemical nature of the substances and surfaces and on 

operating conditions, (i.e. temperature and flow field).32 Surface fouling is ubiquitous in 

a broad range of industrial applications, such as chemical synthesis33, 34, heat-transfer35 

and porous membrane-based water filtration.36, 37 In fact, the particulate can clog the 

pores and/or the channels by causing a progressive flow rate reduction, until the entire 
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flow-channel cross-section gets blocked and the flow rate stops. A comprehensive 

overview on fouling was presented by Epstein et al. in 1983 through a 5x6 matrix where 

the five categories of surface fouling and the one particular type of clogging and the five 

events during the formation of fouling layers are reported (Figure 1.4).38 

 

 
Figure 1.4 5x6 Epstein matrix.38 

This matrix shows not only the fouling categories and the associated mechanisms but 

also the number of the scientific papers on each category, underlying the big effort made 

in this filed to understand fouling mechanism. 

As shown in Figure 1.4, surface fouling can be distinguished in five events depending 

on the physical/chemical process at the base of fouling phenomena:  

 

1. Crystallization fouling which can be caused by two events: i) precipitation of 

dissolved salts and fouling and ii) solidification of pure liquids or liquid mixtures 

due to freezing by sub-cooled surfaces.  

2. Particulate fouling represents the sedimentation of solids initially present in the 

liquid phase. 

3. Chemical reaction fouling is due to the formation of undesired insoluble 

substances in the bulk during the chemical reactions. 
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4. Corrosion fouling is caused by the deterioration of channel walls due to the 

surface heat transfer.    

5. Biological fouling refers to the formation of bio-organisms on the surface during 

the production of biofilms. 

6. Clogging by gas bubbles regards the presence of gas bubbles in the fluid owed 

to gas emissions during chemical reactions or degassing.39 

 

Indeed, the sequence of mechanisms occurring in fouling processes can be summarized 
as (Figure 1.4):  
 

i) Initiation indicates the delay time td needed to observe fouling onto a clean 

surface. 

ii) Transport relates to the diffusion of particulate from the bulk phase to the 

surface.  

iii) Attachment indicates the adhesion of solids onto the surface, except for the 

particulate fouling, in which the concentration at the surface Cs is taken equal to 

0.  

iv) Removal phase concerns the dislocation of the previously deposited layers on 

the surface due to shear flow and/or erosion and/or rupture caused by the flow. 

Sometimes this phase may also happen during the deposition phase.  

v) Aging phase relates to the changes of the solid structure in a crystal morphology 

or a new chemical configuration.40  

 

In detail, each phase previously described is governed by the particle-particle and 

particle-surface attractive/repulsive interactions and hydrodynamic forces, in turn 

dependent on flow regime41, as shown in Figure 1.5.42 
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Figure 1.5 Interactions governing the behaviour of solid particles in a microchannel: a) deposition; b) 
resuspension; c) agglomeration and d) clogging.42 

 

In Figure 1.5 four phenomena are showed: i) Deposition of particles on the microchannel 

walls due to the stronger particle-wall interactions compared to the particle-fluid 

interactions (Fig. 1.5a); ii) Resuspension in which the increase of flow rate breaks the 

particle-wall interactions and drags the particle, encouraging particle-fluid interaction 

(Fig. 1.5b); iii) Agglomeration of the suspended particles and dragged by flow due to 

particle-particle interactions by developing a cluster (Fig. 1.5c); iv) Clogging in which 

the cluster-wall interaction is higher than the cluster-fluid interaction, in addition the 

flow drags other particles by increasing the particle-particle and particle-cluster 

interactions blocking progressively the microchannel (Fig. 1.5d).42 Obviously, the 

interactions differ case by case and depend on the chemistry and the morphology of the 

particles, the properties of the microchannel walls and the flow rate. The last event, 

clogging, is in turn governed by the previous three steps, and usually occurs via bridging 

of a constricted microchannel cross-section29, 43 Bridging occurs when particles are 

growing in size reducing, initially, the flow rate and subsequently blocking the channel. 

Many studies have demonstrated that this phenomena are related not only to high particle 

volume fractions but also to flow rate and particle size, which must be 4:1 with the 

channel width.44, 45  
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Thanks to the great advantages offered by microfluidic devices, many studies have been 

focused on flow-induced particle aggregation in colloidal suspensions under 

microconfined conditions, to identify the parameters which influence this phenomenon, 

such as the effect of particle size46, 47, shear rate46-49 and volume fraction48, 50-52. In 

particular, for the latter some studies showed that surface fouling and subsequently 

channel clogging is faster for less volume fraction of large particles compared to more 

concentrated suspensions of small particles. This indicates a strong correlation between 

channel-height to particle-diameter ratio, contrarily to another study that accentuates an 

increase of the cluster growth with an increment of suspension volume fraction and 

velocity due to a rise of collision frequency. 48,49 In general, the main problem is that so 

far the few experimental studies on surface fouling have been carried out on model 

systems which does not allow to understand completely the phenomenon. However, a 

comprehensive overview of the above mentioned physical phenomena can be achieved 

by studying the three mechanisms of solids formation in flow reactor: i) nucleation, ii) 

aggregation and iii) breakage. In addition, a mathematical approach to understand the 

cluster growth and their morphology can be given using the fractal theory. 

1.2.1 Nucleation 

Nucleation is a process which involves in a preliminary formation of a phase nucleus in 

the bulk or on the channel surface which tends to increase over time. This mechanism is 

present in many processes, such as condensation, crystallization and evaporation and in 

industrial operation such as polymer production (i.e., nucleation and crystallization of 

bubbles53), biophysics (i.e., in the crystallization of proteins54 and in virus replication55), 

and pharmaceutical synthesis33, 56.  

Nucleation can be homogeneous, when the nucleus is created by ions/molecules 

interactions already present in the bulk due to thermal fluctuation (this phase is known 

as self-nucleation)57 or heterogeneous, when the nucleus starts its growth because there 

are impurities on surface of the channels which interact with the dragged particles in the 

bulk58.  In both cases, the nucleation is a process energetically unfavourable because 

there is the need to provide energy to overcome the free energy barrier in order to form 

a new phase.  
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For homogeneous nucleation, the Gibbs free energy change ∆G can be expressed as the 

sum of two competitive factors: the volume free energy (negative value because it is 

released during change phase from liquid to solid) and the surface energy (positive value 

because the system absorbed it during the transformation) 

 

 
∆𝐺𝐺 = −

4
3
𝜋𝜋𝑟𝑟3 �

𝜇𝜇𝐿𝐿0 − 𝜇𝜇𝑆𝑆0

𝑉𝑉𝑀𝑀
� +  4𝜋𝜋𝑟𝑟2𝜎𝜎  Equation 7 

   

where r is the radius of a primary solid particle formed from the liquid, 𝜇𝜇𝐿𝐿0 and 𝜇𝜇𝑆𝑆0 is 

respectively the chemical potential of the liquid and solid phase, 𝑉𝑉𝑀𝑀 is the molar volume 

of the solid and 𝜎𝜎 is the interfacial tension.39 

In view of this, by plotting the ∆G as a function of r can be observed that during the 

homogenous nucleation ∆G increases exponentially until a maximum, Δ𝐺𝐺∗, which 

corresponds to the critical radius 𝑟𝑟∗, beyond which the free energy decrease quickly 

(Figure 1.6).39 The Δ𝐺𝐺∗ and 𝑟𝑟∗ value are expressed as 

 

  𝑟𝑟∗ = −
2𝜎𝜎

�𝜇𝜇𝐿𝐿
0 − 𝜇𝜇𝑆𝑆0
𝑉𝑉𝑀𝑀

�
  

 Δ𝐺𝐺∗ =
16𝜋𝜋𝜎𝜎3

3�𝜇𝜇𝐿𝐿
0 − 𝜇𝜇𝑆𝑆0
𝑉𝑉𝑀𝑀

�
  

Equation 8 

      

Therefore, Δ𝐺𝐺∗ represents the energy barrier that the aggregates must overcome in order 

that can form a nucleus, if not the cluster tends to crumble by stopping the growth.  
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Figure 1.6 Gibbs free energy as a function of nuclei radius.39 

 

Furthermore, many studies have showed the importance of the effect of the flow 

deformation on the nuclei. In fact, in this case, the hydrodynamic forces change the 

particle radius by causing an increase of Δ𝐺𝐺∗, namely the particle growth can stopped 

for highest r and Δ𝐺𝐺 value compared to the stationary condition, Figure 1.7.59 

 

 
Figure 1.7 Gibbs free energy as a function of particle radius. The continuous curve is in the absence of flow, 
while dashed curve is under shear conditions.59 

 

 

The effect shown in Figure 1.7 can be explained taking into account that the flow, in 

appropriate conditions, can counterintuitively facilitate the cluster growth because the 

frequency of particle collisions is increased. 
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Finally, Gibbs free energy for the homogenous nucleation can be expressed as 

 

 
∆𝐺𝐺 = −

4
3
𝜋𝜋𝑟𝑟3 �

𝜇𝜇𝐿𝐿0 − 𝜇𝜇𝑆𝑆0

𝑉𝑉𝑀𝑀
�+  4𝜋𝜋𝑟𝑟2 +

1
2
η γ
G

4
3
πr3  Equation 9 

   

where 𝜂𝜂 is the fluid viscosity, 𝛾𝛾 is the shear rate, 𝐺𝐺 is the elastic deformation of the 

nucleus and the other parameters are previously described.59 

For heterogeneous nucleation, the nucleus can form on the surface defects such as cracks, 

impurities, rough surfaces. Consequently, given that it needs a primer to cause the 

nucleation, the ∆𝐺𝐺, in this case and in parity of the flow rate and chemical condition, is 

lower compared to homogenous nucleation because most of the nucleation energy is 

provided by the primer.59 

1.2.2 Aggregation 

Aggregation due to particle-particle and particle-surface interactions is a process that 

presumes an interplay between attractive and repulsive forces. These interactions are 

strongly influenced by surface roughness, particle size, shape and superficial charge. 

Many studies described this phenomenon by the Derjaguin-Landau-Verwey-Overbeek 

(DLVO) theory which asserts that the interactions depend on the combination of 

intermolecular van der Waals forces and electrostatic forces. For both, however, an 

energy reduction can be observed when the distance between the particles increases. In 

fact, plotting the two energetic contributions and the net interaction energy between 

particles as a function of the distance d between the particles it can be observed that a 

minimum energy value (energy barrier) has to be overcome to allow  particle aggregation 

(Figure 1.8).60 
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Figure 1.8 Interaction energy between particles as a function of the distance between colloidal particles 
with the same z potential.60 

 

It is worth highlighting that, in the absence of repulsion forces, the particles which 

collide among them or with channel surface tend to aggregate instantly, this regime being 

called diffusion-limited cluster aggregation (DLCA). When repulsive forces are present, 

not all the collisions are effective, since not all of the particles can overcome the energy 

barrier (i.e. reaction-limited cluster aggregation (RLCA)).61, 62 

Furthermore, in recent year DLVO theory for the aggregation kinetics has been extended 

to shear flow using an analytical solution to the governing diffusion-convection equation 

for two particles in the field of their intermolecular interactions.63-66 This aspect is very 

important because the aggregation mechanism of DLVO particles in shear flows is very 

peculiar and different from any other aggregation mechanism: there is a competition 

between the flow convective transport and the DLVO energy barrier which leads to an 

abrupt increase of the aggregation rate as a function of Péclet as soon as the flow 

convection is able to overcome the barrier. As a result of this competition, the 

aggregation rate is initially slow and has a plateau equal to the Brownian reaction-limited 

rate and then explosively shoots up as soon as clusters are formed which have a Péclet 

number such that flow advection overcomes the DLVO barrier.63-66  
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Finally, DLVO theory allows to define when a colloidal system is stable, namely the 

aggregation velocity is not significant, or otherwise unstable when the rate of formation 

of aggregates is non-negligible and the number of the cluster-particle interactions 

increases. The latter phenomenon is known as flocculation and/or coagulation. In the 

literature, it is present a slight difference between these two events: the first indicates the 

formation of bigger structures called flocs, while the last refers to the aggregation of 

particles due to their collisions. In particular, depending on the collision, particle-cluster 

(PC) or cluster-cluster (CC), two different structures can be observed. In fact, in the case 

of particle-cluster collisions, the structures show a high radial symmetry, unlike the case 

of cluster-cluster interactions in which the structure is completely asymmetric, Figure 

1.9.67 

 
Figure 1.9 Cluster-cluster (CC) and particle-cluster (PC) collisions.67 

 

In addition, CC interactions can be constructive or destructive depending on the particle 

size and the flow rate. In fact, constructive interactions occur when the clusters in the 

channel tend to grow not interacting with other cluster until the particles dragged by the 

flow fill the space among them creating a new great cluster, as shown in Figure 10.52 

 

 

Figure 1.10 Images depicting a constructive mode of CC interaction: (a) two clusters before merger and 
(b) a single cluster after merger.52 
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Finally, destructive interactions occurs when a cluster dragged by the flow collides with 

a stationary cluster which is dragged away, Figure 1.11.52 

 

 

Figure 1.11 Images depicting a destructive mode of cluster– cluster interaction: (a) a collision between a 
flowing particle aggregate and a stationary cluster and (b) cluster detachment following the collision.52 

 

1.2.3 Breakage 

Breakage of cluster can occur when the aggregates tend to detach from the channel 

surface or when hydrodynamic forces erode the cluster surface. In fact, in the presence 

of the flow, the agglomerates can be subjected to two different forces, shear stress and 

tensile stress, causing two breakage mechanisms called surface erosion and 

fragmentation respectively (Figure 1.12).39, 68 Surface erosion is governed by shear 

stress, which has a tangential action on the cluster surface beginning a slow detachment 

of small particles. The latter increases the probability of particle-particle (PP) and PC 

interactions. On the other hand, fragmentation is due to tensile forces, which act on the 

cluster normal direction, breaking agglomerates present in cluster of large dimensions.  
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Figure 1.12 Mechanism of cluster breakage: (a) surface erosion and (b) fragmentation.39 

 

Obvisuoly, each mechanism influeces cluster growth rate (𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) which results by an 

interplay between the collision rate (𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓)  and the breakage rate (𝑅𝑅𝑏𝑏𝑟𝑟) 

 

 𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  αR𝑓𝑓𝑓𝑓𝑓𝑓 − R𝑏𝑏𝑟𝑟  Equation 10 

   

where  α is a collision efficiency coefficient or attachment coefficient which can be range 

between 0 and 1. This coefficient states the ratio between the successful collisions, 

carrying to PP interactions, over the total number of particle collisions. As seen above, 

the success of collisions depend on the overcoming of the energy barrier, therefore low 

α values coincide with a large energy barrier (i.e. stable colloidal system), while high α  

values corrispond to a low energy barrier (i.e unstable colloidal suspension).69  

It is worth highlighting that the aggregation and breakage mechanisms can be described 

by two dimensions-less parameters, Péclet number (Pe) and Breakage number (Br). The 

first is largely described in the paragraph 1.1 on Microreactors (pg. 6) in which it has 

been seen that Pe is a gauge of the mixing in the channel for laminar condition because 
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it indicates an interplay between advection and diffusion forces. In this case, Pe allows 

to evaluate if the particle can interact and arrange among the others neatly or randomly. 

For high Pe values, the advection flow overbears the diffusive transport and the cluster 

structure is given by the collisions of the dragged particles, therefore the agglomerate 

structure is untidy. Contrariwise, for low Pe values, the diffusion predominates over the 

advection and the particles tend to organize neatly on cluster surface because the 

particles have all the time to arrange among them and to form clusters with neat and 

symmetrical structures. 

Breakage number, Br, instead indicates the ratio between shear stress and cluster 

structural force 

 

 
𝐵𝐵𝑟𝑟 =  

𝜇𝜇𝐺𝐺𝑅𝑅𝑃𝑃3

𝑈𝑈𝑏𝑏
 Equation 11 

   

where 𝜇𝜇 is the fluid viscosity, 𝐺𝐺 is the shear rate, 𝑅𝑅𝑃𝑃 is the particle radius and 𝑈𝑈𝑏𝑏 is the 

cluster cohesion force. 

𝑈𝑈𝑏𝑏 is an indication of agglomerate cohesion and the aptitude to resist to external forces, 

which tend to break the cluster. Therefore, for high Br, the hydrodynamic forces prevail 

on the cohesion ones, cluster breakage occurring, contrariwise for low Br values.41, 70, 71 

Considering this, many studies have showed the energy distribution of the forces in to 

the cluster subjected to flow in both the cases of cluster given by particle-cluster and 

cluster-cluster interactions. 

For agglomerates derived from PC interactions (Figure 1.13a) the energy distribution is 

uniform, in fact the hydrodynamic force value is highest on the cluster surface compared 

to the one inside the cluster. This indicates of a strong cohesion of the particles in to the 

cluster. While, cluster due to CC interactions, the forces distribution is not uniform 

because the structure have not an uniform and symmetric configuration (Figure 1.13b).67 
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Figure 1.13 Hydrodynamic force as a function of distance r from the center of mass for CC aggregates with 
Df =1.7, np=384 (left), and for PC aggregates with Df =2.3 and np = 800 (right).•, statistically expected 
maximum force; o, statistically expected average force.67 

 

1.2.4 Fractal theory 

Fractal theory is a mathematical model which can be used when the aggregate shows a 

repetitive structure. Namely, a part of the cluster is identical to the entire cluster itself 

except smaller unit or primary agglomerate. This structure is called fractal. The fractal 

theory allows to understand how the primary aggregates tend to fill the spaces inside the 

volume occupied by the cluster.72-75 An example of how cluster model can be analysed 

by using this theory is shown in Figure 1.14, in which it can be observed that the particles 

of small dimension (grey) arrange themselves creating a monotonous planar circular 

structure growing radially. Thus, the total mass of a cluster will vary for each 

agglomeration radius, namely will be directly proportional to the number of primary 

particles for cluster radius.72, 76 
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Figure 1.14 Variation of cluster mass as a function of increasing radius.72 

 

In addition, it is possible to determine different fractal structures, depending on whether 

the agglomerate growth occurs along a single direction, or two or three. In these cases, 

the cluster structure is called linear or planar or volumetric, and the fractal dimensional 

is called one- or two- or three-dimensional, respectively, Figure 1.15.72 

 
Figure 1.15 Measurements of aggregate fractal dimensions. (a) One-dimensional fractal dimension power–
law scaling with perimeter and the maximum length of an aggregate. (b) Two-dimensional fractal 
dimensions power–law scaling with area and the maximum length of an aggregate. (c) Perimeter- based 
fractal dimension power–law scaling with area and perimeter. (d) Three-dimensional fractal dimensions 
power–law scaling with the number of primary particles and the radius of gyration.76 
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In literature, there many equations which allow to determine the fractal dimension for 

each configuration: 

  

- One-dimensional D1 can be given by the combination between the perimeter, P, 

and the mean length of the cluster, L 

 

 𝑃𝑃 =  𝜇𝜇𝐷𝐷1 Equation 12 

   

- Two-dimensional D2 can be obtained by the connection between the size of the 

cluster, A, and L (Equation 13a)72 or between A and P where d𝑝𝑝𝑓𝑓 is the perimeter 

fractal dimension (Equation 13b)77 

 

 𝐴𝐴 =  𝜇𝜇𝐷𝐷2 Equation 13a 

   

  𝜌𝜌2 =
2

d𝑝𝑝𝑓𝑓
  

𝐴𝐴 =  𝑃𝑃
2
𝑑𝑑𝑝𝑝𝑝𝑝   Equation 13b 

      

- Three-dimensional D3 can be got by the exponential association with D2 

(Equation 14a) or the linear equation with d𝑝𝑝𝑓𝑓 (Equation 14b)76  

 

 𝜌𝜌3 =  1.391 + 0.001𝑅𝑅2.164𝐷𝐷2 Equation 14a 

   

 𝜌𝜌3 =  −1.628 + 4.6𝑑𝑑𝑝𝑝𝑓𝑓 Equation 14b 

   

In addition, it is possible to determine the number of primary particle into the cluster, N, 

as a function of the fractal dimension, df    

 

 
𝑁𝑁 =  𝑘𝑘 �

𝑅𝑅𝑔𝑔
𝑎𝑎𝑃𝑃
�
𝑑𝑑𝑝𝑝

 Equation 15 
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where df is the fractal dimension which can range between 1 – 3 if the fractal is linear 

or spherical respectively, 𝑎𝑎𝑃𝑃 is the radius of the primary particle, 𝑘𝑘 is a prefactor can be 

a function of df and Rg is the radius of the gyration, which indicates that the particles 

are distributed around the rotation axis of the cluster. The latter, for spherical aggregates, 

is a function of the cluster radius, R 

  

 𝑅𝑅
𝑅𝑅𝑔𝑔

=  �
2 + df

df
 Equation 16 

   

In literature, many studies have been conducted to determine the prefactor 𝑘𝑘 which can 

range between 1 – 1.2 and can be expressed in the following equation77 

 

 𝑘𝑘 =  4.46df
−2.08 Equation 17 

   

Finally, the fractal dimension is an index of the particles aggregation. In fact, for equal 

number of primary particles, an increase of df coincides with a more compact cluster 

structure namely the agglomerates interactions are stronger compared to cluster with a 

low df  in which the structure is open, Figure 1.16.77 

 

 
Figure 1.16 Examples of aggregates obtained with the tuneable fractal dimension code and the densification 
via Voronoi tessellation.77 
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1.3 Buchwald-Hartwig reaction 

Buchwald-Hartwig (B-H) amination reaction is one of the most efficient cross-coupling 

reaction to prepare aryl amines.78-80 This reaction is manly studied in the pharmaceutical 

field, for the production of drugs for the treatment of psycho-physical disorders81 and in 

the agrochemical field, for the production of electronic materials and pigments.82 This 

reaction, unlike other cross-coupling reactions, offers a lower reaction temperature, 

higher selectivity and does not utilize reagents that can cause safety problems.83 B-H 

reaction discovered in 199484, 85 involves the coupling of an aryl halide and a primary or 

secondary amine in the presence of a palladium-based catalyst and a strong base, 

generally a alkali salt for the formation of an aromatic amine according to a reaction 

mechanisms in three steps, Figure 1.17.19, 86, 87 The first step is the oxidative addition of 

the aromatic halide to palladium, which ends with the formation of Pd-halide complex. 

In the second step, the presence of the base results in two effects, the deprotonation of 

amine and the association of complex Pd-halide with amine which forms the new 

complex Pd-halide-amine. In the last step, there is the reduction of the complex Pd-

halide-amine which returns the Pd to its initial state and releases the aromatic amine. 

 

 
Figure 1.17 Mechanism of the Buchwald-Hartwig Coupling. (http://www.organic-

chemistry.org/namedreactions/buchwald-hartwig-reaction.shtm) 
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Many studies state that the limited stage of the reaction is the oxidative addiction, for 

which the equation rate proposed in the literature is: 

 

 
−
𝑑𝑑[𝐴𝐴𝑟𝑟𝐵𝐵𝑟𝑟]

𝑑𝑑𝑑𝑑
=  

𝑘𝑘1𝑘𝑘2
𝑘𝑘−1[𝜇𝜇]

[𝐴𝐴𝑟𝑟𝐵𝐵𝑟𝑟][𝑃𝑃𝑑𝑑] Equation 18 

   

where [𝐴𝐴𝑟𝑟𝐵𝐵𝑟𝑟], [𝑃𝑃𝑑𝑑] and [𝜇𝜇] are aryl bromide, palladium catalyst and ligand 

concentrations respectively, and 𝑘𝑘1, 𝑘𝑘2 and 𝑘𝑘−1 are the kinetic rate constants.87  

It is worth highlighting that Equation 18 is related to a B-H reaction conducted with a 

catalyst consisting of a ligand (an organic component that accelerates the kinetic of the 

catalytic reaction) and palladium. In this case, it can be observed a direct linear first-

order dependence on aryl halide and palladium concentrations, an inverse first-order 

dependence on ligand concentration and a zero-order dependence on amine 

concentration. Recent studies conducted by Pommella et al.19 have shown that the choice 

of the palladium catalyst is of crucial importance for the performance of the reaction. In 

fact, using a particular Pd-catalyst without the ligand, the reaction exhibits better results 

in terms of yield and low catalyst concentration.19  

In general, Buchwald-Hartwig reaction is influenced by operating parameters, such as 

temperature, concentration of catalyst, base and solvent, and by process parameters, as 

the choice of the appropriate reactor (batch or continuous flow). While the operating 

parameters are widely studied and schematized by Surry et al. in 201186, Figure 1.18, 

few studies has been conducted on the use of continuous flow configurations, despite  

the number of advantages, such as increase flexibility, lower catalyst concentration 

(namely low costs) and safety, compared to batch reactor.19, 20 
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Figure 1.18 Factors influencing the outcome of a Pd-catalyzed amination reaction.86 

  

The main difficult associated with running B-H reaction in a continuous flow reactor, 

especially in micro-scale systems, is the formation of potassium bromide (KBr) as by-

product, a solid salt resulting from the use of an alkali metal alkoxide base and the aryl 

bromide, completely insoluble in toluene (the main solvent used for this reaction). The 

presence of this solid leads to the formation of suspended salt particles/clusters and a 

progressive denser slurry which clogs the microreactor, Figure 1.19.39 

 
Figure 1.19 An image of a PFA tubular reactor with 
forming inorganic salt, captured during continuous flow 
catalytic Buchwald–Hartwig amination reaction. The 
reaction was performed in a 10ml total volume PFA coil 
reactor by Vapourtec, with ID=1mm at flowrate of 
1ml/min.39 
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From Figure 1.19 it can be seen that the salt film covers uniformly the internal surface 

of the reactor from the inlet of the channel, becoming gradually less prominent. This 

phenomenon occurs via two parallel mechanisms: fouling on reactor surfaces due to wall 

nucleation, and formation of aggregates via bulk nucleation.29 In this case, the formation 

and the growth of a KBr salt film is due to wall fouling, which blocks the flow path, 

while the nucleation in the bulk leads to the formation of suspended salt clusters, which 

further participate in hydrodynamic bridging (the contact between suspended salt 

agglomerates decreases gradually the flow path until clog the channel). Many solutions 

have been proposed in the literature for decreasing fouling, such as the increase of wall 

shear stress by increasing fluid velocity thus reducing particle-wall contacts, or the use 

of two-phase flow, allowing the introduction of a secondary phase which dissolves the 

solid particles or by using ultrasound.88-91 All these solutions, however, are not applicable 

to all the types of clogging and furthermore they do not consider all real reasons for 

which the KBr cluster tend to aggregate and to interact with the microreactor walls. 

1.4 Aim of the work 

The need of a complete comprehension of solid handling in continuous flow 

microreactors for organic reaction is the main motivation of the present work. In the light 

of this, the aim of this work is to propose an innovative method to investigate the 

Buckwald-Hartwig amination reaction and the ensuing kinetics of undesired clusters 

aggregation by coupling microfluidics and microscopy techniques.  

To this aim, a flexible and efficient flow microreactors have been developed with a 

configuration optimised to avoid clogging and to analyse the effect of the operating 

parameters, such as flow rate, temperature and catalyst concentration on reaction kinetics 

and surface fouling. In particular, it has been highlighted the influence of the flow rate 

on the aggregation process. In fact, by exploiting both image analysis and mathematical 

models related to fractal theory, the effect of flow field on KBr cluster morphology, size 

and growth rate has been investigated in detail. 

This project of thesis, therefore, aspires to set the basis for an innovative experimental 

set-up that will be able to elucidate the mechanism at the base of solid aggregation in 

some continuous flow microsystems.  
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2 Microreactor in continuous flow for cross-coupling reactions 

In this chapter, the continuous flow microreactor is presented as a valid tool for 

processing B-H cross-coupling reactions, and compared to batch reactors. Major 

attention is paid on the effects of operating parameters on B-H reaction kinetics. 

Experiments are carried out by using a stainless-steel tubular microreactor and a gas-

chromatography coupled to mass spectroscopy (GC-MS) to detect the components of 

the microreactor effluent. Process efficiency is demonstrated by the achieved yield and 

the unitary degree of conversion of the limiting reagent. The results reported in the 

following are the object of a scientific paper published in 2016 in Org. Process Res. 

Dev.21 

 

2.1 Materials and methods  

2.1.1 Materials 

A mixture of aryl bromide, amine (N-methylpiperazine), and base (potassium tert-

amylate) is dissolved in toluene in the presence of an internal standard (4,40-di-

tertbutylbiphenyl) and fed in a glass syringe. A solution of catalyst in toluene is loaded 

in a second syringe, placed on the same syringe pump (Harvard Pump 11 Plus Dual), in 

order to impose the same flow rate. Both solutions are prepared inside a glove-box under 

inert atmosphere in the concentrations reported in Table 1. It is worth highlighting that 

the glove box is refluxed with an inert gas, in particular nitrogen, for about 25 min at 0.9 

bar. 

The aryl bromide (ArBr) and the palladium-based pre-catalyst are provided by the group 

of Prof. S.P. Nolan, of the University of St. Andrew UK and are prepared according to 

the processes reported in literature.92, 93 The preparation protocol of the aryl bromide is 

reported in Appendix A. The base (i.e. KOtAm in a solution of toluene in 1.7M 

(Aldrich)), the amine (i.e. N-methylpiperazine, Met (Aldrich, 99%)), the internal 

standard (i.e. 4,40-di-tert-butylbiphenyl (Aldrich, 99%)) and toluene (Aldrich, 
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anhydrous, 99.8%) are commercial products. The concentrations of the reagents is 

obtained by imposing a quantity of catalyst (mmol) below the solubility limits to prevent 

the formation of precipitates of the latter which could block the microreactor, as reported 

in Table I.20 

 
Table I Molecular weights and concentrations in the syringes and in the reactor for the 2-feed 
configuration.19, 20 

Syringe 1 Mol. weight Quantity [mg] mmol 

Catalyst 1172 23.44 0.02 

Toluene 92.14 7.83 (9ml) 0.085 

Syringe 2 Mol. weight Quantity [mg] mmol 
Aryl bromide 344.29 68858 2 

N-Methylpiperazine 100.16 220.352 2.2 

KOtAm (solution in 
toluene 1.7M) 

126.24 1110.912 2.1 

4,4’-di-tert-butylbiphenyl 
(I.S.) 

266.42 18 0.0675 

Toluene 92.14 6.765 (7.765 ml) 0.0733 

Tubolar reactor    

Catalyst [%mol] 
(molcat/molArBr) 

KOtAm/ArBr 
[mol mol-1] 

ArBr [M] 
(mmolArBr/mlsol) 

Met/ArBr 
[mol mol-1] 

1 1.05 0.1 1.1 
 

2.1.2 Experimental set-up 

A schematic representation of an experimental set-up texted is reported in Figure 2.1. 

The apparatus has been developed by using the set-up showed by Pommella et al. in 

201319. In few words, the mixing is performed in a stainless steel 2 mm i.d. T-junction 

(i.e. two inlets and one outlet). The reaction takes place in the stainless-steel tubular 

microreactor with an inner diameter of 2.0 mm and a length of 0.70 m (volume = 2.2 

ml), with two syringes to provide the reagents fed in the concentration shown previously 

in Table I. The microreactor and the junction are heated in a thermostatic bath at a 

temperature range between 40°C and 80°C, while the feed-syringes are at room 
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temperature. The reagents are injected into the microreactor by varying the flow rate 

from 1.1 ml/h to 70 ml/h, in order to have different residence times and, consequently, 

different conversion degree. 

 

 
Figure 2.1 Scheme of the two-feed continuous flow microreactor. 

 

2.1.3 Analytical method 

For analyzing the chemical composition and the real concentration of the effluent, a part 

of latter (~500μl) for different residence time is picked up in a vial and then analyzed 

through a Shimadzu GC-FID 2010 GC-MS, equipped with a non-polar capillary column 

(BPX5 with XO.D. XI.D: 3.05mx1/8inx2.1mm and film thickness from SGE) and He as 

gas carrier. For the purposes of analysis, the appropriate operating conditions of the GC-

MS are set out, Figure 2.2. 
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Figure 2.2 GC-MS operating conditions. 

 

In Figure 2.2, it can be observed that the analysis is carried out by setting a temperature 

program so that the temperature column is preserved for 3 minutes at 50°C by using an 

increasing temperature gradient from 30°C to 360°C and maintained at that temperature 

for 6 minutes. Following this temperature program, the analysis time is about 30 minutes. 

It is worth highlighting that to know the retention times of each reagents and to analyse 

the GC-MS spectrum, different solutions of toluene and reagents (i.e concentrations of 

1mg/ml, 10mg/ml and 100mg/ml) are prepared and analysed.  

 

 
Figure 2.3 GC-MS spectrum. The peaks correspond to the retention (x-axis) of the reagents: N-
Methilpiperazine (~1.010min), 4,4’-Di-tert.butylbiphenyl (~8.320min) and aryl bromide (~9.560min).  
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Finally, by knowing the retention time associated to each reagent it is possible estimated 

the effluent reagent concentrations by creating a calibration line, reporting on the x-axis 

the known quantity of the reagent and on the y-axis the area of the peak corresponding 

to its retention time. By multiplying the angular coefficient of this line for the area of 

each peak, the mass or volumetric quantity of each substance is obtained. In this way, 

the conversion degree can be obtained. For this, before the effluent analysis, a first vial 

containing few drops of feed-syringe 2 (see Table 1) is sent to the GC to determine the 

initial concentrations of aryl bromide, N-methylpiperazine and the internal standard, and 

then, in relation to the latter, to obtain the degree of conversion of the limiting reagent 

(ArBr) according to the residence time within the microreactor.  

The ArBr conversion degree is calculated as: 

  

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑑𝑑𝑅𝑅𝑑𝑑𝑟𝑟𝑅𝑅𝑅𝑅 % =  

(𝑚𝑚𝐶𝐶𝑚𝑚𝑀𝑀𝑟𝑟𝐴𝐴𝑟𝑟𝐼𝐼𝐼𝐼  – 𝑚𝑚𝐶𝐶𝑚𝑚𝑀𝑀𝑟𝑟𝐴𝐴𝑟𝑟𝑂𝑂𝑂𝑂𝑂𝑂 )
𝑚𝑚𝐶𝐶𝑚𝑚𝑀𝑀𝑟𝑟𝐴𝐴𝑟𝑟𝐼𝐼𝐼𝐼 ∗ 100 

 
Equation 19 

   

where molArBr
IN is the amount of ArBr before the reaction and molArBr

OUT is the amount 

of ArBr after the reaction. 

 

2.2 Results 

2.2.1 Effect of catalyst concentration 

The first parameter that has been investigated is catalyst concentration, due to the strong 

impact that the reduction of the amount of catalyst needed could have on process costs 

and clogging. In fact, the palladium-based catalyst is extremely expensive and, being 

solid and not completely soluble in toluene, could lead to reactor clogging. The molar 

percentage of catalyst ranges from 0.16 to 1% (mol/mol), the other components 

concentration staying unchanged. Data on ArBr conversion degree and on reaction rate 

are reported in Figure 2.4. As expected, the reaction kinetics decreases by reducing 

catalysts loading. In fact, for a catalyst concentration of 1 mol%, high ArBr conversion 
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degrees are obtained (~100%) in about 45 min, while for molar percentage of catalyst of 

0.16 and 0.25% (mol/mol) the conversion is not complete, as shown in Figure 2.4a. In 

addition, in Figure 2.4b, it can be observed a direct linear first-order dependence on 

catalyst concentration. 

 

 
Figure 2.4 a) Conversion profiles for different catalyst loadings at 50°C. The continuous lines represent 
full conversion; b) Initial reaction rates for the catalyst concentrations tested.21 

  

2.2.2 Effect of ArBr concentration 

The effect of aryl bromide, namely the limiting reagent, has been examined varying its 

concentration from 0.01 to 0.11M, fixing the other parameters as temperature and 

catalyst molar concentration (1%). Experimental results on ArBr conversion degree and 

reaction rate are reported in Figure 2.5. The reaction kinetics increases reducing ArBr 

loading. In fact, for a ArBr concentration of 0.01M, unitary conversion degree of the aryl 

bromide is almost immediate, while for high concentrations the completed conversion is 

obtained in about 45 min, Figure 2.5a. This effect can be explained considering that a 

lower limited reagent concentration amplifies the effect of catalyst on the reaction (i.e. 

the active energy Ea of the reaction decreases) and the reaction is promoted. In addition, 

it is worth noted that the trend of conversion degree for 0.06M and 0.08M is similar. 

This tendency can be useful to reduce the process costs (i.e. a lower amount of the ArBr). 

Finally, in the Figure 2.5b it can be observed an inverse linear first-order dependence on 

the ArBr concentration. 
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Figure 2.5 a) Conversion profiles in dependence of the ArBr loading at 50°C. The continuous lines represent 
full conversion; b) Initial reaction rates for the ArBr concentrations tested. 

 

2.2.3  Effect of N-Methylpiperazine concentration 

The effect of the N-Methylpiperazine is tested varying its concentration from 0.05 to 

0.08M, also in this case other parameters being constant. The ArBr conversion degree 

and the reaction rate reported in Figure 2.6 show that the reaction does not depend on 

these parameters. In fact, the trend of the conversion degree is equal for each case and 

the reaction rate is of pseudo-zero order.  

 

 
Figure 2.6 a) Conversion profiles in dependence of the N-Methylpiperazine loading at 50°C. The continuous 
lines represent full conversion; b) Initial reaction rates for the Met concentrations tested.21 
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2.2.4 Effect of base concentration 

The effect of base concentration on reaction rate is studied modifying only this 

parameters from 0.03 to 0.116M.  From Figure 2.7 it can be observed a direct linear 

increase of the reaction kinetics because the base encourages the kinetics of the limited 

step (see the reaction mechanism in Buchwald-Hartwig reaction section). 

 

 
Figure 2.7 a) Conversion profiles in dependence of the N-Methylpiperazine loading at 50°C. The continuous 
lines represent full conversion; b) Initial reaction rates for the Met concentrations tested.21 

 

2.2.5 Effect of temperature 

Finally, the effect of temperature has been tested.  The influence of this parameter on the 

reaction kinetics is very important. In fact, despite the temperature increment can cause 

an increase in the kinetics, due to the fact that the reaction is endothermic, an excessive 

temperature value could lead to high process costs, due to safety issue, and to the 

degradation of reaction compounds. In Figure 2.8 it can be observed a strong increment 

of the conversion degree by increasing the temperature. In fact, a soft increase of 10°C 

from the typical temperature (i.e. 50°C) allows to reach a complete conversion in about 

20 min compared with 60min  at 50°C.  
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Figure 2.8 a) Conversion profiles in dependence of the N-Methylpiperazine loading at 50°C. The continuous 
lines represent full conversion; b) Initial reaction rates for the Met concentrations tested.21 

 

2.3 Conclusion  

The intensification of industrial processes through the use of continuous flow reactors 

has generated considerable interest in the development of novel microstructured systems 

which can process reactions typically carried out in batch systems. Here, a home-made 

flow microreactor is presented as innovative device to process and study cross-coupling 

reactions, with particular attention to Buchwald-Hartwig amination. Exploiting the many 

advantages of these systems, such as a more efficient heat and mass transport compared 

to batch systems, the effects of operating parameters influencing B-H reaction kinetic 

(i.e. catalyst and reagents concentration and temperature) has been reported. In 

particular, the conversion degree and the reaction rate have been analyzed, resulting in a 

strong influence of reaction rate on catalyst and ArBr (the limiting reagents) 

concentration, namely a 1st order kinetics and inverse linear first-order respectively. 

Therefore, for the first time, Buchwald−Hartwig reaction has been processed with great 

success under continuous flow conditions, by using a novel reactor concept which 

combines the flexibility of batch reactors with all of the advantages of conventional flow 

systems. The acquired understanding will allow further development of pilot systems 

able to run also heterogeneous reactions under continuous flow conditions. 
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3 A microfluidic approach to optimize Buchwald-Hartwig 

amination reaction 

In this chapter, a novel continuous flow microreactor configuration for processing cross-

coupling reactions is presented. Major attention is focused on the comparison of the 

results obtained by the use of the novel 4-feed configuration with the microreactor 

described in previous chapter. Experiments are carried out by using a stain steel tubular 

4-feed microreactor and gas-chromatography coupled to mass spectroscopy (GC-MS). 

The process efficiency is demonstrated by the achieved yield and the complete 

conversion of the limiting reagent. Reported results are the object of a paper published 

in 2015 in RSC Advances.20 

 

3.1 Materials and methods 

3.1.1 Materials 

A solution of catalyst in toluene is fed to a glass syringe, to avoid the corrosion of the 

syringe walls by toluene. A second mixture of aryl bromide, amine (N-

methylpiperazine), and internal standard (4,40-di-tertbutylbiphenyl) is dissolved in 

toluene and loaded in another syringe. In addition, a third syringe is prepared with the 

base (i.e. KOtAm) in the toluene. Finally, a fourth feed with only toluene is set to balance 

the concentration and to make the system more flexible to parameters changes. The four 

syringes are placed on two syringe pumps (Harvard Pump 11 Plus Dual), imposing the 

same flow rate on each pump. As described in the previous section, the feed solutions 

were prepared inside a glove-box under inert atmosphere (i.e N2) in the concentrations 

reported in Table 2.  

The materials used are the same described in the previous section and also in this case 

the concentrations of the reagents is obtained by imposing a quantity of catalyst (mmol) 

below the solubility limits to prevent the formation of precipitates of the latter, which 

could block the microreactor (as reported in Table II).20 
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Table II Molecular weights and concentrations in the syringes and in the reactor for the 4-feed 
configuration.20 

 
 

3.1.2 Experimental set-up 

A schematic representation of the 4-feed reactor is reported in Figure 2.1. The apparatus 

has been developed by re-modelling the set-up showed in the previous paragraph21. In 

this case, therefore, the mixing is performed in a stainless steel 2 mm i.d. junction, with 

four inlets and one outlet. The reaction takes place in a stainless-steel tubular 

microreactor with an inner diameter of 2.0mm and length of 0.70m (volume = 2.2ml), 

with four syringes, to provide the reagents fed in the concentration shown previously in 

Table II. The microreactor and the junction are heated in a thermostatic bath at 50°C, 

while the four syringes containing reagents, catalyst, base and solvent are at room 
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temperature. In addition, the reactor effluent is analyzed by Shimadzu GC-FID 2010 

GC-MS with the protocol previously described in Analytical method paragraph. 

 

 
Figure 3.1 Scheme of the four-feed continuous flow microreactor. 

 

3.2 Results 

3.2.1 Continuous flow reactor configurations 

In this section, the work is focused on the development of a new optimal configuration 

for the reactor system previously presented (Figure 2.1), with the purpose of make the 

microsystem more flexible in terms of changes of the operating conditions, such as 

reagents concentration. To do this, various configurations have been developed, to  

separate the base from the remaining components of the system (to dilute mainly the 

base, which presents precipitation problem due to oxidation) and to add a separate flow 

consisting solely of the solvent, Figure 3.2.20  
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Figure 3.2 Schematics of different configuration used to increase the flexibility of the flow reactor.20 

 

In Figure 3.2 it can be observed that the four syringes are set on two syringe pumps and 

are connected to the microreactor by using different design: configuration 1 in which 

preliminarily the toluene and the base are mixed by a T-junction and then connected to 

the other two syringes by a cross junctions (configuration in series); configuration 2 
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where the feeds are connected in pairs to microreactor between three T-junctions (in this 

way the catalyst and the base are more dilute before the entry into the reactor 

(configuration in parallel); configuration 3, in which the 4 solutions are attached by a 

junction with four inputs and one output to a porous membrane (with pores of 20 μm) 

and then connected to the microreactor; configuration 4, where the 4 mixtures are 

directly linked with the reactor by the junction described in configuration 3. 

The experiments showed that the first three configurations present clogging problems at 

short residence time, which are not found in the two-feed system previously proposed. 

This is likey due to the low dissolution of the catalyst (initially solid) due to the weak 

mixing and/or the large amount of KBr produced. In addition, in order to verify the best 

configuration, when the reactor is not clogged, the degree of conversion of the limiting 

reagent (ArBr) is analysed and compared to the set-up texted in the previous section, 

Figure 3.3. 

  

 
Figure 3.3 Conversion degree as a function of time for the three-feed configurations showed in Figure 3.2 
in comparison with the two-feed system at short residence time. The overall conversion of the reaction run 
in the two-feed reactor is reported in the inset. In the table, black arrows indicate that the conversion degree 
is lower (one arrow) and much lower (two arrows) compared with the two-feed reactor system.20 
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Comparing the conversion degrees reached by varying the residence time, it can be 

observed that the performances of the first three configurations are lower than the ones 

of the two-feed system. For this reason, to improve the mixing and the performance of 

the reactor configuration 4 has been designed (Figure 3.2 configuration 4). This system 

does not present clogging, leading to conversion degrees close to those of two-feed 

configurations at different residence time, as shown in Figure 3.4. 

 
Figure 3.4 Comparison between 2-feed and 4-feed (configuration 4) reactor operating at 50°C with 0.1 
mol% of the catalyst. 

 

3.2.2 Effect of catalyst concentration 

The molar percentage of catalyst which is investigated ranges from 0.16 to 1% 

(mol/mol), while the other parameters are fixed. Corresponding results on % ArBr 

conversion degree are reported in Figure 3.5. As expected, the reaction kinetics decreases 

by reducing the catalysts loading. In fact, at the highest catalyst loadings (1-0.5 mol%), 

the reaction is almost complete (98%) after 60 min and 120 min respectively, while for 

lower catalyst concentration (0.25 mol%), complete conversion is never reached. Is 

worth highlighting that decreasing the catalyst concentration and reaching high product 

yield at the same time lead to the reduction of the overall costs of the process. In this 

case, it can be observed that a 0.75% molar concentration of the catalyst allows to obtain 

performance similar to 1.0% molar at the same residence time. 
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Figure 3.5 Conversion profiles for different catalyst loading at 50 °C with a concentration in the reactor of 
0.1M of Aryl bromide (toluene 32.6 mL). The continuous lines represents the full conversion.20 

 

3.2.3 Effect of ArBr concentration 

The effect of aryl bromide is examined varying its concentration from 0.01 to 0.11M, 

while the other parameters stay unchanged. By plotting ArBr conversion degree vs 

residence time (Figure 3.6) it can be observed that the reaction kinetics increases by 

reducing ArBr loading. In fact, for an ArBr concentration of 0.01M, the complete 

conversion of the aryl bromide is almost immediate, while at the highest concentration 

complete conversion is obtained in about 80 min, Figure 2.5a. This could explain why a 

faster reaction rate at lower ArBr concentrations is found.  
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Figure 3.6 Conversion for different Aryl bromide concentration at 50 °C with a concentration in the 

reactor of 9.6*10-4 M of catalyst. The continuous lines represents the complete conversion.20 

 

3.2.1 Effect of temperature 

Ultimately, the effect of temperature is tested by varying it from 50°C to 70°C. For the 

latter, a full conversion is achieved in 10 minutes, whereas 1 hour is needed at 50 °C 

(Figure 3.7). This effect is due to the higher solubility of the solid compounds which 

improves the solution mixing. Increasing the temperature in the microreactor and, 

therefore, by enhancing the reaction kinetics it is possible to reduce the catalyst 

concentration, this representing enormous advantages in terms of costs. 
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Figure 3.7 Conversion profiles for different temperature concentration in the reactor for 1% of catalyst. 
The continuous lines represent the complete conversion.20 

 

3.3 Conclusions 

The increasing attention on the continuous flow operations in fine chemical and 

pharmaceutical synthesis, thanks to the advantages over traditional batch processing in 

terms of efficiency, safety, product quality and sustainability has implicated the 

development of the novel microfluidic designs in flow chemistry. 

Therefore, the aim of this work is to develop and to realize a home-made continuous 

flow microreactor by optimizing a microfluidic configuration widely analyzed in the 

previous task to process Buchwald-Hartwig cross-coupling reaction. Various 

configurations are proposed for the purpose of achieving the optimum design and 

flexibly to changes of operating conditions. In addition, the conversion degree of the 

limiting reagent is compared to the one of the two-feed configuration, showing that there 

is any substantial difference between the two-experimental apparatus in terms of 

conversion of the limiting reagent and selectivity. However, using this novel system, 

there are several benefits, including greater flexibility in the variation of reagent 

concentration, the ability to separate the base from other compounds and the addition of 
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a stream containing only the solvent, thus making the system more inclined to possible 

variations in process conditions.  

In conclusion, this study provides the methodology to optimize cross-coupling reaction 

by using a home-made continuous flow microreactor. The choice of such a microfluidic 

approach meets requirements of green chemistry, in terms of productivity, process 

handling, economics savings and operations safety.  
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4 The effect of shear flow on microreactor clogging 

In this chapter, a direct visualization of particles adhesion to the wall, cluster growth and 

reactor clogging in a microfluidic system is approached, exploiting the knowledge 

acquired by the work described previously. The effect of shear flow on cluster growth 

kinetic and on the morphology of KBr aggregates is investigated at different flow 

regimes. Images of the resulting morphologies are then presented and compared.  

 

4.1 Materials and methods 

4.1.1 Experimental set-up 

A schematic representation of the experimental set-up is reported in Figure 4.1. The 

materials for the reaction and the experimental apparatus has been developed using the 

set-up showed previously in the Figure 2.1 of the chapter 2.0 (pg. 29). The reaction takes 

place in the stainless-steel tubular microreactor with an internal diameter of 2 mm and 

two feed-syringes to provide the reagents fed in the concentration shown previously. In 

order to allow the visualization of cluster formation and morphology, the reactor has 

been connected to a glass microchip through a PEEK tubing of 1mm i.d. and a fused 

silica tubing of 350µm i.d. The microchip, a commercial glass chip (Micronit) containing 

rectangular cross section channel (500x100µm), is placed under a transmitted-light 

microscopy (Axio 100, Zeiss) equipped with a high-speed video camera (Phantom 4.3, 

capable to record up to 10000 frames/s) with a 10x objective, Figure 4.1. 
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Figure 4.1 Scheme of the experimental apparatus. 

 

The apparatus is installed on an anti-vibration table. Images are then processed by a 

commercial software, Image Pro-Plus® 6.0 (Media Cybernetics, Silver Spring) with a 

home-made macro (see Appendix B), in order to measure the cluster area, the cluster 

intensity (optical density OD) of each image at different times. Moreover, images in 

stationary condition are acquired by using an inverted Confocal Laser Scanning 

Microscopy (Zeiss, CLSM Pascal) using a 10x objective (Zeiss Plan-Neofluar, image 

size 898.24x898.24µm) connected to a motorized focus system controlled by a dedicated 

software (Pascal), and two laser excitations (He-Ne at a wavelength of 543nm, or Ar at 

488nm). 

4.2 Results 

4.2.1 Particle aggregation and cluster growth 

First of all, the attention is focused on the study of the effect of flow rate on particle 

aggregation. For this, two preliminary analyses are carried out: i) SEM imaging and 

elemental analysis of the aggregates present onto microreactor inner surface and ii) 

optical microscopy analysis of cluster coming out from the reactor and from the tubing 

connecting the reactor and the microchip. For the first case, Scanning Electron 

Microscope (SEM) observations show a granular structure of the aggregates (Figure 4.2) 
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that cover completely the inner surface of the reactor, which has a high roughness that 

favours the deposition of solid particles. Furthermore, the Energy Dispersive X-ray 

(EDX) analysis has revealed that the aggregates are consisted mainly of K and Br, the 

by-product produced by B-H reaction. 

 

 
Figure 4.2 SEM images of the fouling layer covering the inner surface of the stainless-steel tubular 
microreactor (A) and of a spherical KBr particle (B). Scale bar: A. 50µm and B. 5µm. 

 

In order to investigate cluster morphology coming out from the reactor and the 

connection tube, several samples are collected and analysed in brightfield (BF) mode for 

different flow rate. In Figure 4.3 can be seen that there is any substantial difference 

between the aggregates outgoing from the reactor and the connection tube, therefore the 

transition from a section of 2 mm i.d. to one of 1mm i.d. does not affect the structure of 

the cluster. 
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Figure 4.3 Top: Schematic of the tubing connecting the microreactor to the glass microchip. Bottom: Bright-
field images of cluster at the outlet of tubing A and B and inside the glass microchip at the inlet of the 
channel (image C). 

 

However, the variation of section between the cylindrical shape of the connecting tube 

of 1mm i.d. and the rectangular channel of 170µm i.d. of microchip likely leads to the 

complete breakage of the aggregates (Figure 4.3c). The lack of aggregates at the chip 

inlet is probably due to their disruption under strong elongational flow in the converging 

zone present between the tube and the microchannel.94 

At this point, the evolution of the fouling process inside the glass microchip as a function 

of Reynolds number (Re) and time has been studied for two Re numbers (i.e. Re=1.5 

and Re=15), which ensure laminar flow conditions and a uniform distribution of particles 

along channel width and depth, Figure 4.4. In Figure 4.4 it can be observed the first two 

phases of fouling described in the paragraph 1.2 Fouling and clogging, namely particle 

adhesion to channel wall and cluster growth. For the acquisition of the images time 0 is 

considered as the time at which the first salt particle adhered to the wall channel. It is 

possible to observe that cluster formation starts at the wall and that the higher the Re, 

the faster particle adhesion to the wall occurs. Considering the frame at 30s in Figure 

4.4, only few particle/wall adhesion sites are present at Re=1.5, while at Re=15 the 

number of adhesion sites increases considerably. This somehow counterintuitive result 

could be explained by a fast and strong particle adhesion to the wall: once a particle gets 

into contact with the wall, it adheres to this location and creates a nucleation site for 

further attachment of other particles. According to this explanation, higher values of Re 
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promote faster wall adhesion because of the higher contact frequency associated to a 

higher flow rate. Surprisingly, cluster growth follows an opposite trend: indeed, at small 

Re, although the number of adhesion sites is smaller, cluster growth is faster and 

formation of larger aggregates occurs in shorter time (see for example the frame at 30s 

in Figure 4.4). This would imply that particle-particle attractive forces in an aggregate 

are weaker than particle adhesion to the wall. 

 

 
Figure 4.4 Images representing cluster formation and growth at Re 1.5 (top) and Re 15 (bottom) as a 
function of time. 

 

Growth kinetics of individual clusters is analysed in a quantitative manner by using a 

macro written in the programming environment of a commercial software for image 

analysis (see Appendix B). The analysis of a given cluster has been carried out by using 

a two-step fully automated procedure. The first step is used to: (i) select the frame 

containing the initial site of adhesion and aggregation by applying a grey level threshold, 

i.e., by comparing the average grey level of each image to the background value. It 

should be pointed out that, due to low particle concentration, the first frames are empty 

and only few sites per time are found in the field of view. (ii) extract and record cluster 

parameters (i.e. area and density). In this manner, it is possible to analyse all clusters 

contained in an AOI (area of interest) in just a few minutes. An example of image 

processing is reported in Figure 4.5 (left), where it is evident that cluster growth rate at 

Re=1.5 is considerably faster than that at Re=15. It is important to underline that clusters 
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are selected at the same position along the channel width, to avoid any effect related to 

the flow profile.  

A quantitative analysis of cluster growth as a function of Re and time is presented in 

Figure 4.5 (right), where cluster area is plotted as a function of time. The error bars are 

the standard deviation over 5 clusters per measurement and for cluster at the same 

position along the channel width. While the cluster area at both Re=1.5 and Re=15 

increases with time, the values at Re=1.5 are higher than the ones at Re=15 across the 

entire range of time. For this analysis, time 0 corresponds to the time at which the particle 

under examination adheres to the channel wall. 

 

 
Figure 4.5 Single cluster growth kinetic as a function of time and Re. 

 

The formation of an apparently stable cluster (i.e. with a steady-state size at a given shear 

rate) results from a balance between particle aggregation and cluster break-up or erosion. 

Aggregation rate is dependent on the frequency of particle collisions (which depends on 

the flow field) and on the height of the energy barrier which, in turn, is determined by 

the nature of particle interactions. Similarly, cluster breakage is affected by the force 

exerted by the incoming fluid (and so by the flow field) and by the strength of particle-

particle interactions.  
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As shown in Figure 4.6, which shows BF images of the cluster attached on the channel 

walls and SEM images of samples collected at the exit of the glass channel and dried, 

the flow field also affects cluster morphology and compactness. In particular, aggregates 

at Re=1.5 are made of needle-shaped crystals, forming a sort of “dendritic” low density, 

star-like structures, whereas clusters formed at Re=15 appear as compact structures 

likely made of spherical particles. 

 

 
Figure 4.6 Cluster morphology as a function of flow strength. Top) optical image of the deposited crystals 
having dendritic-needle like shape for Re=1.5 A) and dendritic-like irregular shape within the glass 
microchannel for Re=15 B); bottom) scanning electron microscopy (SEM) image of the deposited crystals 
having dendritic-needle like shape for Re=1.5 C) and dendritic-like irregular shape within the glass 
microchannel for Re=15 D). 

 

This effect can be explained taking into account two factors, the particle diffusion in the 

channel and the chemical interaction between the particle and channel walls. The first 
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can be investigated with the Pe number (see 1.1 Microreactors paragraph). In fact, when 

Pe is low (i.e. Re=1.5 or namely Pe~102) diffusion predominates on advection, the 

deposits are made of dendritic-needle like crystals (Figure 4.6 Top A and Bottom C), 

ordinated structures because the particle have all the time to arrange among them and to 

form clusters with neat and symmetrical structures. Otherwise, when Pe is increased of 

an order of magnitude (Re=15 and Pe~103), and hence the main fluid velocity in 

increased, the crystalline order of the structure is largely lost and, even though they still 

seem to have a dendritic shape, from a more macroscopical perspective (optical imaging, 

(Figure 4.6 Top B), they actually appear to be disordered and highly packed when having 

a closer look (SEM imaging, (Figure 4.6 Bottom D) to their structure, because the 

advection predominates and the cluster structure is given only by the collisions of the 

dragged particles. 

The chemical interaction between the particle and channel walls, therefore, can be 

studied taking into account the chemical composition of the aggregates effluent by EDX 

analysis. In this way, the presence of potassium (K) and oxygen (O) for cluster at Re=1.5 

and of K and bromide (Br) at Re=15 has been respectively highlighted. This different 

chemical composition of clusters can be explained considering the thermodynamic 

equilibrium between the by-product KBr and the base KOtAm, Figure 4.7, where the 

KOtAm formation is favored over the potassium bromide. Considering the latter for low 

Re (i.e. Re=1.5) the mixture shows a strong concentration of the base and low 

concentration of KBr, while for high Re (i.e. Re=15) the contrary can be observed. 

 

 
Figure 4.7 Thermodynamic equilibrium between KBr and KOtAm. 

 

In addition, that the potassium ions tend to interact with the hydroxyl groups of the 

channel glass walls, making the cluster structure dependent on the chemical species 
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connected at it. In fact, under flow KOtAm tends to form needle-like structures while 

KBr has a disordered arrangement. To further confirm the hypothesis suggested by XRD 

analysis, i.e that the dendritic-needle like deposited structure are related to KOtAm, a 

suspension containing the same compounds of the chemical reaction apart from the 

arylbromide, is flowed in the glass microchannel, thus preventing the formation of KBr. 

The results are reported in Figure 4.8 and show again dendritic needles, thus confirming 

the hypothesis that such crystalline structures are made of KOtAm. The crystallinity of 

such structures is emphasized by their birefringence as obtained by polarized optical 

microscopy (POM). 

 

 
Figure 4.8 Dendritic-needle like structures deposited within the glass microchannel in the absence of KBr 
and ArBr. A) Optical microscopy image with 40x magnification and Bf) POM images magnification, 
evidence of crystals birefringence. Each are acquired with 40x magnification. 

 

In Figure 4.9 a quantitative analysis of the optical density as a function of time is 

presented. Optical density (OD) is defined as the ratio of transmitted to incoming light 

and it can be expressed by the following equation: 

 

𝑂𝑂𝜌𝜌 =
𝐼𝐼𝐴𝐴� − 𝐼𝐼𝐶𝐶� (𝑑𝑑) 

∆𝐼𝐼
 

 

where 𝐼𝐼𝐴𝐴� − 𝐼𝐼𝐶𝐶� (𝑑𝑑) is the difference of the mean intensity (expressed by the mean gray 

level) of the image background 𝐼𝐼𝐴𝐴�  and that of the cluster 𝐼𝐼𝐶𝐶� (𝑑𝑑) at each time. This quantity 
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is made dimensionless by the difference ΔI= 𝐼𝐼𝐴𝐴 − 𝐼𝐼𝐶𝐶(𝑑𝑑)�������������   which represents the average 

value of the difference 𝐼𝐼𝐴𝐴 − 𝐼𝐼𝐶𝐶(𝑑𝑑). OD can be taken as representative of cluster 

compactness or density. The opaquer is an object, the higher is its optical density and 

the darker it appears in bright-field microscopy. Therefore, optical density can be seen 

as an indirect measure of structure compactness. Optical density as a function of time 

shows an increasing trend both for Re=1.5 and Re=15. Moreover, the data at Re=15 are 

higher than the ones at Re=1.5 in the entire time range investigated and show a steeper 

slope, suggesting that low Re leads to the formation of less dense and compact structures. 

This is likely due to the fact that flowing particles have enough time to build an ordered 

configuration and erosion effects are less effective, contrary to what happens at higher 

Re where a dynamic balance between aggregation and breakup leads to more compact 

and spherical structures. 

The product of cluster optical density and cluster area provides some information about 

the mass of the aggregates. At Re=1.5, clusters are larger (Figure 4.5) and less dense 

(Figure 4.9A) than clusters at Re=15. In Figure 4.9B the product of optical density and 

cluster area is plotted as a function time: data at Re=1.5 almost superimpose to the ones 

at Re=15, indicating that the clusters have more or less the same mass, irrespective of 

the imposed flow field.  

 

 
Figure 4.9 Optical density (A) and Optical density x Area (B) as a function of time at Re 1.5 and Re 15. 
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Finally, another quantitative analysis based on fractal theory (see Fractal theory section 

1.2.4 pg. 19) is conducted, in order to determine the fractal dimension as an index of 

compactness of the cluster and the number of particle per cluster. In fact, by knowing 

cluster perimeter and it is possible to evaluate the primary particle dimension (dpf) which 

is directly correlate to the fractal dimension, df (see Equation 13b and 14b), Figure 4.10. 

 

 
Figure 4.10 Cluster area as a function of the cluster perimeter for Re=1.5 A) and Re=15 B). 

 

In Figure 4.10, dpf  can be taken as the slope of area vs perimeter plot, resulting in 1.49 

for Re=1.5 and 2.00 for Re=15. Using the so obtained values of dpf in Equ. 14b, it is 

possible to evaluate df as equal to 2.00 and 2.7 respectively. These value, therefore, show 

that for each Re numbers the agglomerate can be considered as a fractal (i.e. the values 

respect the fractal range from 1 to 3) and the agglomerates for high Re numbers present 

a more compact structure compared to low Re numbers, that is for Re=15 df  is about 

3.00. In addition, using Equation 15 the number of primary particle into the cluster (Np) 

has been evaluated. In Figure 4.11 it can be observed that for high Re numbers Np is 

higher compared to the one of low Re numbers, because, as seen previous, after a 

preliminary trend for Re=15 the particle-cluster collisions are higher compared to 

Re=1.5 and the cluster area increases quickly. Furthermore, the Np curve for Re=1.5 

highlights probably an equilibrium between aggregation and breakage forces for high 

time (i.e a constant value).  
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Figure 4.11 Number of primary particles (Np) into the cluster as a function of the time. 

 

4.2.2 Microchannel clogging 

Taking into account that as time moves forward the clusters area increases and the free 

space viable by incoming particles is reduced, i.e. the number of particle-cluster 

collisions increases and the effective section of the channel reduces, the attention is 

focused on the study of clogging channel. In fact, a qualitative analysis of the images of 

the clogged channel by BF and POM mode confirms that, even at long times, the 

structures formed at Re=1.5 are less dense (and so more transparent to light) as compared 

to the ones formed at Re=15, thus showing again how the imposed flow field strongly 

affects formation and stability of micro-particle aggregates, as shown in Figure 4.12. 
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Figure 4.12 Optical microscopy (up) and POM (down) images of clogged channel. Scale bar: 100 µm. 

 

Since the density of the aggregates increases with Re, the time needed to clog the channel 

is dependent on Re as well. This is shown in Figure 4.13 by plotting the percentage of 

clogging (i.e. the area occupied by clusters with respect to the total area of the channel) 

as a function of time. After an initial growth, which is similar for the two Re, the data at 

Re=15 follow a steeper trend as compared to the data at Re=1.5 (the slope at Re=15 is 

0.6 while the slope at Re=1.5 is 0.06). Moreover, data at Re=15 eventually approach a 

plateau value, indicating that no more growth is possible due to channel clogging (as 

shown in the inset of Figure 4.13). On the other end, the time required to reach the 

clogging of the channel at Re=1.5 is much longer (i.e. about 15 min), which can be 

related to the less compact structures formed in these flow conditions. So, a clogging of 

65% is reached after 15 min at Re=1.5, while it takes only 3 min at Re=15. 
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Figure 4.13 Percentage of channel clogging as a function of time at Re 1.5 and Re 15. Scale bar 100 µm. 

 

The 3D reconstruction of clogged channel in Figure 4.14 has been obtained by z-stacks 

of images acquired by confocal laser scanning microscopy (CLSM). The bright 

structures are the KBr clusters and x-y is the horizontal plane. The channel depth (i.e. 

along z direction) appears mostly occupied by the clusters. Moreover, these images 

confirm the formation of less dense structures at Re=1.5 and denser at Re=15. 

 
Figure 4.14 Confocal microscope (LSM Pascal 510, Zeiss) images of clusters formed at Re 1.5 (A) and Re 
15 (B). 
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4.3 Conclusions 

Literature is strongly focused on the characterization and the knowledge of cluster 

aggregation and in particular on the clogging of microstructured devices. In this work, 

mechanisms leading to channel wall fouling and cluster growth are investigated by 

optical and electron microscopy. An innovative microfluidic-microscopy set-up is also 

developed. Aggregation kinetics of suspended cluster from the Buchwald-Hartwig 

reaction in microchip at different flow rate have highlighted the important role of the 

latter on fouling rate and on cluster morphology. Two Re numbers are considered (i.e. 

Re=1.5 and Re=15), both ensuring laminar flow regime and a uniform distribution of 

particles along channel width and depth. At each Re particle adhesion to channel wall 

and cluster growth can be observed. It has been shown that cluster formation starts at the 

wall, likely due to the velocity profile, which promotes particle/wall interactions. The 

higher is Re, the faster is particle adhesion to the wall due to the increased frequency of 

particle/wall collisions and particle adhesion to the channel surface. Once a particle has 

adhered to the wall, it sticks there, allowing the attachment of other flowing particles. 

Surprisingly, cluster growth follows an opposite trend: indeed, at small Re, although the 

number of adhesion sites is smaller, cluster growth is faster, leading to the formation of 

larger aggregates in less time. Moreover, the flow field also affects cluster morphology 

and compactness. In particular, aggregates at Re=1.5 are made of needle-shaped crystals 

with a sort of low density “dendritic”, star-like structure, while clusters formed at Re=15 

appear as compact structures likely made of spherical particles. This behaviour can be 

explained by stronger wall-particle adhesion as compared to particle-particles attractive 

forces and by the interplay between particle-wall and particle-particle interactions, 

whose frequency is an increasing function of the shear rate. So, at low Re cluster growth 

is faster and less dense structures are obtained since flow strength is not sufficient to 

separate particles once they collide and stick to each other. At higher Re, higher collision 

frequency and flow strength lead to denser structures through a balance between 

adhesion and erosion mechanisms. Further work to elucidate these issues is in progress. 

Finally, since cluster formation starts at the wall, the results of this work, although 
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obtained in a microfluidic geometry, can be applied more generally to the problem of 

fouling in continuous flow reactive systems. 
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5 Conclusions and perspectives 

In this work, continuous flow microreactors have been presented as one of the main 

routes to realize “green” industrial processes for chemical synthesis, to investigate the 

mechanisms which govern solids transport in microdevices and as a valid alternative to 

traditional batch reactors. Indeed, one of the main problems of microreactors is surface 

fouling, which lead to channel clogging. Fouling, in fact, is a progressive deposit of solid 

material on the channel walls due to physical/chemical interactions between particles 

and the inner surface of the device. Fouling phenomenon is strongly affected by the 

particle and channel surface chemistry as well as by the fluid-dynamics of the system. A 

deep study of the literature on fouling has highlighted a lack of experimental analysis on 

fouling and clustering related to solids formed by organic reaction.  

Here, an innovative experimental set-up based on microfluidic and microscopy 

techniques has been presented, aimed to the investigation of reaction kinetics of 

Buchwald-Hartwig amination and of the effect of the shear flow on cluster formation 

and growth inside microstructured devices.  

Initially, a validation of two experimental set-up in continuous flow has been carried out 

by studying the effect of operating parameters the B-H reaction kinetic and by comparing 

the results with the ones of traditional batch reactors. First of all, a home-made 

microreactor has been proposed to verify the feasibility to process B-H reaction in a 

continuous flow system, obtaining equal or superior yield and conversion degree 

compared to classic batch systems. After that, the experimental set-up has been 

optimized to make the system more flexible in terms of number of feeds, this 

encouraging the numbering-up of the microreactor. The optimization process on the 

microreactor has been highlighted the possibility to change the traditional value used for 

running B-H reaction, increasing the reaction kinetics and reducing the procedure costs 

due to the small amount of reagents and catalyst. This approach has been helpful to 

develop another microfluidic device, which can reach high performances in continuous 

flow.  
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Moreover, the so-made microreactor has been used to investigate the mechanisms 

governing particle aggregation and reactor clogging using KBr solid particles from B-H 

amination. In particular, the attention has been focused on the effect of flow rate on 

particle aggregation and cluster morphology. To this aim, two different flow rates have 

been analysed ensuring laminar condition into the device and a uniform distribution of 

particles generated during the reaction into the tubular microreactor along microchip 

channel. The cluster growth has highlighted a strong influence of the flow rate on the 

cluster morphology by showing a more uniform cluster structure for the small Reynolds 

number compared to the irregular agglomerates at high Re number. In addition, the 

clogging time and the percentage have been evaluated and contrary to what was expected 

high flow rate encourage the channel clogging because the particle collision increases. 

This approach has been helpful to examine experimentally the fouling problem so far 

studied only by theoretic approach and simulation.  

Future works will be oriented to the improvement of the novel microfluidic set-up, in 

order to evaluate the mechanisms at the basis of the fouling with major magnifications, 

to the definition of a mathematical model for describing clogging phenomena. In this 

view, the coupling of microscopy and microfluidics could be very helpful. By this way, 

the major process safety, the low costs and the possibility to investigate the solids 

handling could represent a real improvement in the use of the microreactors. 
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Appendix A 

The aryl bromide ((R)-8-Bromo-5-methyl-1,2,3,4-tetrahydronaphthalen-2-ylamine)-

(S)-1-(phenylethyl)amine called ArBr) has been obtained by mixing (R)-8-Bromo-5-

methyl-1,2,3,4-tetrahydronaphthalen-2-yl)-(S)-1-(phenylethyl)amine Hydrochloride (20 

g, 52.6 mmol) with H2O (32 mL, 1.6 mL/g) and 50% NaOH (aq) (12 mL, 152.5 mmol) 

in a round-bottomed flask fitted with a reflux condenser and a magnetic stirrer. Toluene 

(100 mL, 5 mL/g) was added, and the resulting mixture has been heated to 60 °C and 

stirred. At first, the mixture appears to be very heterogeneous. Once the material has 

been dissolved, the mixture has been cooled to room temperature and the stirring has 

been stopped. At this point two liquid layers are present. By pouring them into a 

separating funnel it has been possible to remove the bottom aqueous layer. The top layer 

(organic) has been distilled under vacuum by using rotary evaporator in order to remove 

toluene and any water remaining. The latter process provided ArBr as a crystalline solid. 
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Appendix B 

In this appendix, a home-made macro for Image Pro Plus 6.0 with comments 
to the code is listed.  
 

Sub Area() 

Dim i As Integer 

 

For i = 1 To 1158 

ret = IpBlbCount() ‘counts and measures the objects in 
the active image or AOI 

ret = IpBlbRemoveHoles() ‘eliminates counted objects that 
are embedded within other counted 
objects, and considers all pixels 
encompassed by the perimeter of an 
object as belonging to the object. 

ret = IpBlbSaveData("",  
S_HEADER+S_Y_AXIS+S_DDE) 

‘saves, or appends, the current 
measurements or statistics to a 
file or the Clipboard. 

ret = IpSeqPlay(SEQ_NEXT) ‘plays an image sequence, or 
displays a frame in that sequence. 

 

Next i 

End Sub 
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