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Process Intensification by Micro-reactors

Welcome to massive open online course on Chemical Process Intensification. So we are
discussing under module 12 the topic is Micro process technology for process intensification
and under this module, today we will discuss something more about that process
intensification. And the list will include the process intensification of micro-reactors and

some barriers and its challenges.
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Micro reactor (recap)

= Chemical synthesis and processing by the
application of a continuous flow microfluidics is
known as chemical microprocess technology

= Microfluidics is a science by which fluid flow
phenomena is manupulated and controlled usually
in the range of microliters (10%) to picoliters (101),
in networks of channels with dimensions from tens
to hundreds of micrometers,

Inlet & .

Now, we have already discussed that what is that Micro Reactor? So we will just look,
around that previous some introductory portions of that micro-reactor. We know that
chemical synthesis and processing by application of a continuous flow microfluidics is
known as chemical microprocessor technology. And microfluidic is a science by which that
fluid flow phenomena is manipulated and controlled usually in the range of microliters to

Pico liters in networks of channels with dimensions from tens to hundreds of micrometers.
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And also, we discussed about that reactor used for these objectives are comparatively small

and can be called as chip based reactors or simply called as micro-reactors. And these micro-
reactors having a micro-structured zone that can be also referred to as micro-structured

reactors.
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And the execution of chemical process inside a small volume like micro-reactors, typically

inside channels with a diameter of less than 1 mm this is generally called as micro channel
base reactor or other structures with sub-millimeter dimensions. Also, we have discussed that

chip based reactor is dealt with the operation of large number of parallelized micro channels.
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Process intensification by use of Micro
Reactors

= Gas/liquid micro reactors and their application to toluene
and various other fluorinations and also to carbon dioxide
absorption

» Generally, reactions may be amenable to process
/ intensification, when pertormed via high-temperature, high-
/ pressure, and higf;h-concenircﬂion routes and also when using
aggressive reactants

® The micro reactor is only used where it is really needed and
costs for changing the processing are kept to a minimum

And in that case, how those micro-reactors are being used or for chemical processes as a
process intensification, so process intensification by use of micro-reactors. You can have
different application of this micro-reactors where, maybe gas liquid system even some other
multiphase systems or liquid-liquid systems. Even some reactive system, so in that case
several application of this micro-reactors based on the process intensification are actually
being carried out and also that is commercialize based on that performance of the reaction

and separation process based on this micro-reactor and also micro-process technology.

Now in that case if you consider that gas liquid micro-reactors and can be applied like that as
an example toluene and various other fluorinations reaction and also to carbon dioxide
absorption. And this type of reaction generally, happend in a channel, where that you can
enhance the mass transfer and heat reaction there and reactions maybe that amenable to
process intensification when performed via high-temperature, high pressure and high

concentration routes.

And also when using aggressive reactants. Micro-reactor is only used when it is really needed
and of course you have to consider the cost factor for changing the processing and also, you

have to keep it as minimum as possible.
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High-pressure and high temperature
microreactor processing

= |ncreasing temperature which was reported fo increase reaction rafes by
orders of magnitude (Hessel et al., 2007)

= However the impact of increasing pressure is more manifold;
=it may be applied simply
= {0 avoid boiling under high-temperature conditions

= for increasing mass ranster for gas-liquid reactions (Murphy et al.,
2007)

= for changing the reaction mechanism through solubility effects
[supercritical state) and using steric effects (volume of transifion
stale) to guide product and isomer selectivity (Benito-Lopez et al.,

2007).,
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F. Benlto-Loper , R. M. Tiggeiaar, K. Salbut, J. Huskens , R, J. M. Egberink , D. N, Reinhoud? , H. J. G, E. Gardenlers and W, Verboom

Lab Chip. 2007, 10 1345

Now, if we consider that high-pressure and high-temperature micro-reactor processing that
we have discussed in our previous lecture that several aspects of implementation process
intensification by this micro-reactor processing. There Of course, pressure and temperature
are two important factors by which you can have that process intensification in the micro-
reactor systems. In this case that if you increase the temperature, maybe it will increase the

reaction rates by orders of magnitude as per reported by Hessel 2007.

However, the impact of increasing pressure is more manifold. Maybe based on that several
aspect, maybe applied simply to avoid boiling under high-temperature conditions and also for
increasing mass transfer for gas liquid reactions and also it may be impacted for that
changing the reaction mechanism through solubility effects or you can say that through

supercritical states.

And also using, that steric effects like that volume of transition state and also it may guide
product and isomer selectivity based on this high-pressure and high-temperature micro-
reactor processing. So these are some impact of increasing pressure on this, reacting system

in a micro-reactor.
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Effect of drastically increasing
temperature

= Example:

Kolbe-Schmitt reaction of resorcinol to 2,4-dihydroxy
benzoic acld using a pressurised capillary heated by an ol
bath and a micro heat exchanger for temperature

i quenching downstream (Hessel et al., 2007)
o~ ON g COOH Experimental condition of
“r KHCO, (aq) : J \, /OH microreactor processing: Pressure of

> - | 40-70 bar, o temperature of 100-220

' °C, and reacfion times of 4-390's

OH JJ' " However recommended reaction
timna ks 2h ot pressure | bar and at 100

Synthesis of 2,4-dinydroxy benzoic acid C

V. Hessel, C. Holmann , P. Lob , H. Lowe and M. Parals, Chem. Eng, Tech., 2007, 30, 355

As an example, if we consider that for drastically increasing temperature like Kolbe-Schmitt
reaction of resorcinol to 2, 4-dihydroxy benzoic acid. In that case, if you use that pressurized
capillary heated system by an oil bath and a micro heat exchanger for the temperature
quenching in that case you can get that increase of yield for this reaction and if you do it for
certain conditions of this pressure and temperature, you may get that intensification of this

process.

Now experimental condition of in this case micro-reactor processing for this type of reaction
in that case, pressure, maybe of 40 to 70 bar a temperature of 100 to 220 degree centigrade
and reaction times of 4-390seconds. However, recommended reaction time is 2 hour at

pressure of one bar and at 100 degree centigrade.

So anyway directions is going to that process intensification based on the micro- reactor
processing. Severally when research also to be carried out too. How to get that reduce
reaction based on low pressure as well as optimum temperature there. So this is one example
where you can increase temperature and get that reaction performance in the micro channel

based reactor.
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And in this case 2,4, dihydroxy benzoic acid is produced via conversion of resorcinol with

= 2 4-Dihydroxy benzoic acid is produced via conversion of
resorcincl with aqueous potassium carbonate solution af 100
°C and applying a carbon dioxide pressure of 4.5 bar.

= A byproduct 2,6-dihydroxy benzoic acid is formed which is
favoured at high femperatures and long residence times
(Hale et al., 1952)

= Due to continuous processing and to its small dimensions the
experimental set up offers the capability to improve
selectivity.

Wimana's Encyclopedia of Indusirial Chemistry , Wikey-VCH, Weinheim, 2008,
D. K. Hale . A. R Hawdon , J. L Jones and D. | Packham , I. Chem. Soc., 1952, 3503

aqueous potassium carbonate solution at 100 degree centigrade and applying a carbon dioxide
pressure of 4.5 bar and also is formed the byproduct which is formed is favored at high-
temperature and long residence time. So in that case due to the continuous processing and it

is a small dimensions the experimental setup offers the capability to improve selectivity.

So that is why here that process intensification at this high pressure and temperature which

you can get the improvement of the selectivity by this micro-process technology.
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So in this case Hessel et al. 2007 reported that using the high-temperature

micro-reactor



processing method the Kolbe-Schmitt synthesis can be completed within less than one minute
at comparable yields to batch operation as shown in figure here. And in that case a reduction
of reaction time hence by a factor of 450 around at comparable yields can be achieved as they

concluded.

And also this main account for the reactor volume as well this corresponds to an increase in
space-time that yield by factor 440 that is reported by Hessel again in 2008. Now this picture
is generally giving that yield with respect to temperature for various flow rate for the aqueous
Kolbe-Schmitt reaction of resorcinol to 2, 4-dihydroxy benzoic acid using pressurized

capillary demonstrating feasibility of reaction times of some 10 seconds.

So this is the intensification where we can get micro channel base reactor for the better that

selectivity of this reaction in the micro channel.
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® the high temperature processing principally enhances
side and consecutive reactions, most remarkably at long
residence fimes,

® Similar process intensification by pressurised high-
temperature operation was obtained for the Michael
addition with several a,p unsaturated amines and esters
(Benito-Lopez, 2007; Hessel et al., 2008)

And the high-temperature processing principally enhances side and consecutive reactions
most remarkably at long residence times. And similar process intensification by pressurized
high-temperature operation was obtained for the Michael addition with several alpha, beta
unsaturated amines and esters by that Benito-Lopez in 2007 even by Hessel et al 2008 there.
So they have reported that this process intensification by the pressurized high-temperature
operation can be obtained for the Michael addition with several alpha, beta unsaturated

amines.

So this is the direction of that process intensification for that reaction at high pressure and



high-temperature.
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= Hessel et al., 2008 reported that

= "The faster kinetics led to an increase of the heat released
which demanded efficient heat removal and avoidance of
thermal overshooting."

= "Yields ranging from 95-100% were cbtained, at reaction
times of a few seconds to some 10 min (dependent on the
substrate), instead of the generally used 24 h batch
operation; operation at high pressure and temperature was
established.”

= "High productivity was achieved, giving a space-time yield
increase by a factor of about 650, in the best case. *

Volker Hesssl, Dana Krolkeh and Urich Kitschl, Sustainability theough green
proceding - novel proceds windows Intenlly micro ond mill proceds lechnologles
Enargy Environ, Scl, 2008,1, 447478

Also Hessel 2008 reported that faster kinetics led to an increase of the heat released which
demanded efficient heat removal and also avoidance of thermal overshooting. In that case the
yields that may be ranging from 95-100 percent and at reaction times of few seconds to some
10 minutes that may be dependent on the substrate. And also you can say that the operation of
high-pressure and high-temperature can be established based on this micro channel base

reactor.

And also high productivity that can be achieved, giving a space-time yield increased by a

factor of about 650 the best case as per in Hessel et al 2008.
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Some other applications

Sequential combinatorial synthesis of pyrazoles:

= Sequential slug flow operation was reported to prepare a
combinatorial library of pyrazoles which offer in general a wide
range of biclogical activities

= The synthesis of the pyrazoles was carried out by means of @ Knorr
reaction

0 0 F

E. GareineEgido et al,, 2003, Synthesis and analysis of
f'“llll’lll.ll”]!.ll |1h1:|lll’\ E“'llfl] \lll‘ll man .||||'|l||b“l"{l MUCEO reactor

system, Lab Chip, 3, 73.76

Some other applications like sequential combinatorial synthesis of pyrazoles. In that case
sequential slug flow operation was reported to prepare a combinatorial library of pyrazoles
which offer in general a wide range of biological activities. So this is also one important
because whenever fluid will be flowing through the micro channel maximum mostly the flow

pattern is slug flow.

So they have done here I think E Garcia-Egido et al. 2003, they have reported that slug flow
pattern also give that process intensification for this synthesis of pyrazoloes that is carried out
by the means of a Knorr reaction as given in the slides here. So this is also possible based on
that flow pattern of the fluid during that reaction and also how that kinetics of the reaction are

changing based on that flow pattern through the channel.

So it is the one of the important example of this synthesis of pyrazoles based on that flow

pattern and how that intensification is possible for this reaction system.
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Direct fluorination of aromatics and
aliphatic reactants:

®» Due toits exothermic characteristics the direct fluorination of
aromatics and aliphatic reactants is still an unsolved task for
convenfional fechnology.

» The insufficient control over the heat release makes it difficult to
comply with safety regulations as well as fo confrol the chemical
i selechivity.

» Microstructured reactors allow to overcome both problems and in
this way provide an alternative route to the existing multistep
processes like the Balz-Schiemann reaction or the Haolex process as
typical industrial pathways for generating fluoroaromatics.

Another example it is called that direct fluorination of aromatics and aliphatic reactants. In
that case these are also very important reactions that are actually being carried out in the
micro channel base reactor. And in this case this direct fluorination of aromatics and aliphatic
reactants are several still disadvantages carrying out this reactions in micro channel based

reactor even in conventional system also.

But still since research is going on there are several aspects going to consider how to actually
intensify the process and how it can be carried out in the micro channel and by the
microprocessor technology. In that case the insufficient control over the heat release makes it
difficult to comply with safety regulations as well as to control the chemical selectivity. So
research is going to overcome those disadvantages of this reactions to be carried out in micro

channel or conventional system.

But micro-structured reactors that may allow to overcome both problems and in this way
provide an alternative route to the existing multistep processes like the Balz-Schiemann
reaction and also Halex process as typical industrial pathways for generating fluoroaromatics
there. So micro-structured is giving some extent of the solution for this problem over this
conventional technology but still research is to be carried out for better and better
understanding as well as that improvement of the process performance by this micro-

structured reactors.
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Photooxidation of dienes by singlet oxygen:
' ®» A photo-oxidation is the cycloaddition of -terpinene
carried out in single channel chip reactor by Wootton et
al. (2002)
’ » By this procedure the process safety is increased,
’ because the reactant does not need to be pre-
saturated with singlet oxygen.
R.C.R. Wootton, R. Fortt, A.). de Mello, A microfabricated nanoreactor for safe,
continuous genesation and use of singlet oxygen Organic Process Research and
Development, 6 (2) (2002), pp. 187-189

Photo oxidation of dienes by singlet oxygen also are being carried out in a micro-reactor
system. In this case photo oxidation is the cycloaddition of terpinene that is carried out in a
single channel chip reactor by that is investigated by Wootton et al. 2002. And they have
reported that by this procedure the process safety can be increased because the reactants does

not need to be pre saturated with the singlet oxygen.

So this is also another one of the important applications of channel based micro reactor like

chip reactor there.

(Refer Slide Time: 16:56)

Fine chemical and functional chemical
production
' Synthesis of phenyl boronic acid:
» The main difficulty of this reaction is the control of the
selectivity.
» The high reaction rate demands a fast mixing of the reactants
4 and an adequate heat control to prevent side reactions.
= To cope with these demands the contacting of the frimethyl
borate and the Grignard reagent was reclised with various
micromixers (Hessel ef al., 2002)

Also this micro-reactive systems are also important for the application of fine chemical and




functional chemical production. In this case if we consider synthesis of phenyl boronic acid
the main difficulty of this reaction is the control of selectivity. And the high reaction rate
sometimes demands fast mixing of the reactants and the adequate heat control to prevent side

reactions.

So to actually take the advantage of the micro-reactor technology to overcome this fast
mixing of reactants and adequate heat controlled to prevent side reactions are actually
demanding and also suggesting to actually research commenting they are suggesting to do
this reaction for this fine chemical and functional chemical production in the channel base
reactor. And also since the mixing is one the important issues there, so that should be used in
a micro-base reactor there. So to cope this demands the contacting of the tri-methyl borate
and the Grignard reagent generally was realized with various micro-mixers as per report of

Hessel et al 2002.

(Refer Slide Time: 18:35)

Synthesis of azo pigments

= With regard to blocking, the synthesis of (solid) azo pigments
poses high demands on microreactors,

= On the other hand microreactors offer the chance to

achieve smaller and more uniform particles to improve the
) colour properties and therewith to save dye during the
A printing (Wille ef al., 2002).

» The pigments achieved with the laboratory-scale reactor
showed a larger colour strength of 119% and 139%,
respectively compared with the same products made by
batch processing
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Now there are other synthesis like as azo pigments synthesis with regard to blocking the
synthesis of azo pigments possess high demands on micro-reactors and micro-reactor offer
the chance to achieve smaller and more uniform particles to improve the color properties and
also here with to save dye during printing there, so azo pigments are very useful chemicals

for that printing purpose.

So to synthesize this azo pigments the micro-reactors are also one of the important aspect of
the process intensification there and this pigment achieved with laboratory-scale reactor

showed a sometimes larger color strength of 119 percent and 139 percent respectively



compared with the same products that is made by batch processing. So see that how micro-

reactor systems are giving better performance as for process intensification.

And as per report by this Wille et al. 2002 that they observe that this pigments in the
laboratory scale reactor showed a larger color strength of 119 percent and 139 percent

respectively compared with the same products that is made by batch processing there.

(Refer Slide Time: 20:14)

Monochlorination of acetic acid

» |t was reported that monochlorination of acetic acid in
a microstructured reactor led to much higher
selectivities and therefore, rendered further purification
steps unnecessary (Wehle et al., 2000).

. » The amount of the unwanted dichlorinated product was
less than 0.05% while conventional processing resulted in
3.5%

® Yield up fo 90%, which was slightly higher than the yield
of the traditional synthesis

Welle et al,, 2000, Verfahren zar Herstellng von Monochloressigsiuge in
Mikioseaktoren. DE 10036603A1, Priority: 27.07.2000,

And also a Monochlorination of acetic acid is one of the important reaction that is carried out
in micro-reactor there. For getting that the yield even more and more compared to that
traditional synthesis. In this case yield up to 90 percent which was slightly higher than the
yield of traditional synthesis that is reported by Wehle et al 2000 and it was also reported that
this Monochlorination of acetic acid in micro-structured reactor led to much higher

selectivities and therefore rendered further purification steps are necessary there.

And in this case the amount of the unwanted dichlorinated products that is coming out was
less than 0.05 percent while in the conventional processing that may result that more than 3

percent there.
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» The number of applications using the advantages
of the chemical microprocess technology is stil
growing.

®» Among those are more and more applications
which focus on industrially relevant processes.

» But there are some barriers and challanges to
esecute the process in wide scale

= Some are shown in the succesive slides

And the number of applications that is using the advantages of the chemical micro-process
technology we can say it is still growing because there are several issues which is to be
overcome for getting more better way of that product even green product also you can say
that more intensified way, so among those are more and more applications which focus on

industrially relevant processes to be considered there.

But there are some barriers and of course challenges to be executed for this several reactions
when you are considering that to be intensified in the economic way and even greenery way.
So the Green synthesis that are green sustainable way of development that is required for this
process intensification just like considering all those shortcomings what is coming during

process intensification in the micro-reactor.

So that should be considered for the further research and also those are very important
aspects that actually even some barriers and challenges here like that we will discuss some

barriers of that in later.
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Application in absorption
' ® Chemical absorption processes for gas separation

applications can be substantially enhanced using
microreactors that utilize micro-structured

surfaces/channels and fluid feed systems.

/ = Apsorption of CO, using aqueous diethanolamine
solvent in microreactors in microchannel based
microreactor is one of the important application.

Let us see other applications of the micro-reactor like absorption reaction, chemical
absorption processes for gas separation applications that can be substantially enhanced using
the micro-reactors that utilize micro-structured, surfaces, channels and fluid feed systems.
And if you considered that absorption of carbon dioxide that uses aqueous diethanolamine
and even other solvent you can use in micro-reactors in micro channel base micro-reactor and

that is also one of the important aspect of the process intensification for the separation of the

gaseous.

(Refer Slide Time: 23:24)

Microchannels

Flat membrane microcontactor

A vortex reactor and a commercial LTF-MX
reactor for single stage experiments and small
mixer-settlers for counter-current triple stage
extraction

Y-type microchip

A Hjunction serpentine microchannel and a
split and recombine micrachannel

Tunction microchips

Micro-mixer-settler

Y-type microchips

Y-Y microfluidic chips

Like other application here extraction process also can be done in liquid-liquid extraction in

1] L) . L]
Application in extraction
Phase system :
| Separation of Colll)/Nifll) with Cyanex 272

Separation of Co/Ni with Cyanex 272

Extraction of Cu using LIXB4-IC

Extraction of Zn using D2EHPA

Eu(lll) extraction by ionic liquids

Nuclear solvent extraction with 30% fri-n-

butyl phosphate in nitric acid system

Separation of La(lll) with P507

Extraction of PH{IV) using amine -
Zhang et al, 2018, Liquid-liquid extraction for the separation of Co(Il) from Ni(ll)
with Cyanex 272 using a pilot scale Re-entrance flow microseactor



the micro channel base micro-reactor. There will see that some application of that separation
process based on that intensification in extraction is given in the slides. I think there are

several aspects their extraction of copper using some Solvent extraction of zinc using solvent.

Even uranium extraction by ionic liquids, even separation of Platinum using amine, so those
are different aspects of application where you can do it in a micro channel even chip reactor
micro-reactor. Sometimes membrane micro-reactor sometimes it may be chip type reactor.
Sometimes it may be that T-junction base microchips reactors, micro-mixer-settler, even that

Y -type microchips base micro-reactors, microfluidic chips.

So all those different types of micro-reactors that can be used for the extraction processes.
Even here given some examples of those extraction processes. So please go through this
application of this extraction which can be done in a micro channel for the process

intensification.

(Refer Slide Time: 24:45)

Application in Evaporation

= The combination of the falling film channel based micro reactor
with a carrier gas stream was first investigated for evaporation of
hydrogen peroxide from an agueous solution (Klemm et al., 2011).

= |t was reported that the micro reactor, made out of AlMg,, allows a
safe and stable evaporation of hydrogen peroxide, with
vapour/liquid equilibrium almost reached at the top of the
evaporator,

/ » The falling film micro reactor (FFMR) utilizes the ability of a liquid
stream to wet a surface and, governed by gravity forces, spread to
form an expanded thin film.

® Guiding the liquid through microchannels leads to the fermation of
liquid films only a few tens of pm thin

i i ogivin o g e vt 4, (O 8
Even you can apply this micro-reactors in evaporation process. In that case the combination
of the falling film channel-based micro-reactor to be developed with a carrier gases system.
And it is generally made out of aluminum, magnesium alloys for getting that safe and stable
evaporation of hydrogen peroxide with vapor or liquid equilibrium that almost reached at the
top of the evaporator. And also the following film micro-reactor that utilizes the ability of
liquid stream to wet a surface and also governed by gravity forces spread to form an

expanded thin-film that is reported by Klemm et al. 2011.
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You can apply crystallization also in that micro channel base micro-reactor as per Jiang et al.
you will see that in 2014 they have reported that the formation of L-asparagine monohydrate
crystals in deionized water by channel based micro-reactor it can be done and in that case

including crystallization in a continuous slurry undergoing laminar flow in a tube by cooling

Application in crystalyzation

= Formation of L-asparagine monohydrate (LAM) crystals in deionized
(CI) water by channel based microreactor

= inducing crystalization in a continuous slurry undergoing laminar
flow in a fube by cooling through its walls is very prone to clogging
for some solute-solvent.

» The effect that the crystal habit and crystal form have on the
dissclution rate and solubility of compounds explain the need for
excellent control and tailoring of such properties.

Ref.: Jiang et al.,
Siurry Cryst. Growth
Des. 2014, 14,
\ . PR— ; | 851-840
1. Crystal nucleation 2. Spontaneous 3. Crystal growth
shug formation

through its walls that will be very prone to clogging for some solute solvent.

So that should be taken care sometimes whenever crystals will be formed in the channel that
may be clog other flow, so that is why nowadays that thinking about crystallization process

where that Nano crystals can be found in that micro channel in a process intensification way.

(Refer Slide Time: 26:32)
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Some barriers to resolve

= Microreaction technology today is still at the threshold between
academia and industry.

= The successfulimplementation of microstruciured production
processes in industry depends on process analytical technology

= Time and spatially resolved online analysis must be implemented
directly in the microfluidic channels.

= Thus, parallel and multiplexed measurement technologies are
needed fo reduce costs and increase the robustness of information.

= More information about the actual reaction process inside the
microreactor and micrechannel is required



Now what we discuss that there will be of course in the different application like absorption,
crystallization, extraction and even some other different reaction systems that whenever we
are applying this micro-reactor for this application to be carried out there will be some
barriers and also some challenges which is to be solved also. So there are several researches

going on how to recover, how to overcome those problems or barriers there.

Some barriers like here micro-reaction technology today implementation problem. So the
successful implementation of microstructure production process in industries that depends on
the process analytical technology because you have two analyses anyway whatever product is

coming out. Maybe online analysis of that micro channel base reactor it is very difficult.

So whenever you are going to carry out that reactions in a micro channel how that kinetics of
that reaction and also how that concentration of that reactant systems are changing and
conventional changing that should be analyzed by analytical sophisticated analytical system
and which is still under down because of that several pros and cons in development, so still
research is going on there so anyway the successful implementation of the micro-structured
production process in industries of course to be depending on that process analytical

technology.

And also time and spatially resolved online analyses must be implemented directly in the
microfluidic channels. And the parallel and multiplexed measurement technologies are also
needed to reduce cost and increase the robustness of information for this micro-technology.
Now more information about the actual reaction process that is inside the micro-reactor and

micro channel is also required by that sophisticated micro-analyses.
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And characterization of chemical reactions in a fast and reliable way even on a molecular
level is also a challenge. Also in many cases you will see that novel micro-process
technology solutions for existing production processes have to compete with already
depreciated plants this significantly affects the overall economic scenario. Also a suitable
technology still to develop to analyses accurately several micro-channels simultaneously or to

analyze a single micro channel specialty that is resolved along the reaction path.

The multi-scale concept, referring to the interaction of micro-reactors with conventional plant

technology, is an issue which is still not actually fully resolved as per statement of the Hessel

et al. 2004.

Some barriers to resolve

= Characterization of chemical reactions in a fost and reliable
way, even on a molecular level is a challange.

= A svitable technology is sfill to develop to analyze acurately several
microchannels simultaneously or fo analyze a single microchannel
spatially resolved along the reaction path.

= |n many cases novel micro process technology solutions for existing
production processes ('debottlenecking’) have to compete with
dlready depreciated plants. This significantly affects the overall
economic atfractiveness

= The multiscale concept, referring to the interaction of micro
reactors with conventional plant fechnology, is an issue which is still
not fully resolved.



(Refer Slide Time: 29:58)

N

And micro-reactors have completely different heat and mass transfer characteristics than
conventional stirred batch equipment. So in that case you have to follow some existing
protocols to be change to more harsh conditions there. And for this reason, expert simulation
tools sometimes to be needed to predict that potential benefits of chemical micro-processing

technology for that heat and mass transfer characteristics analyses in the micro-reactor.
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And also novel processes can rely on the direct synthesis from the elements under harsh
conditions. And a direct fluorination from elemental fluorine and the hydrogen peroxide

synthesis from a detonating oxygen hydrogen gas mixture is one of the important examples,

Some barriers to resolve

= Microreactors have completely different heat and mass fransfer
characteristics than conventional stired batch equipment.

= This means that the existing protocols fo be changed to more harsh
conditions.

= One should, however, not only look for the few known
‘uncontrollable’ reactions, but rather intenfionally explore more such
new routes to use the full potential of micro reactors.

= For this reason expert simulation tools are needed predicting the
potential benefits of chemical micro processing technology

Some barriers to resolve

® Novel processes can rely on the direct synthesis from the
elements under harsh conditions.

» Examples: the direct fluorinafion from elemental fluorine
and the hydrogen peroxide synthesis from a defonating
oxygen/hydrogen gas mixture

® Novel processes can achieve the elimination of
additives, cafalysts and other auxiliary agents, since
processing in a micro reactor changes



where you can get that barriers to get this intensified way of that yield of the reaction. Novel
processes can achieve the elimination of additives, catalyst and other auxiliary agents, since

processing in a micro-reactor that is change.
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Challenges
' ® Challenges involving reactor design,

= Engineered catalysts specifically designed for

microchannel reactors,
/= Methods of fabrication results in technical insights and

innovations that spurred future development.

» |nitial catalyst investigations in 1996 revealed that direct
washcoating of microchannel walls presented
significant hurdles fo rapid development.

Also you can say some challenges involving reactor design, engineered catalysts specifically
designed for micro channel reactors. Methods of fabrication results in technological insides
and also innovations that spurred future development. And also initial catalyst investigation
in 1996 that revealed that direct wash coating of micro channel walls presented significant

hurdles to rapid development.
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Challenges
' » Complex microchannel designs through diffusion
bonding of thin metal sheets to form hermetically
sealed devices, thus overcoming the sealing challenges
; of gasketed reactors.

» Many of the significant breakthroughs in microchannel
reactor design resulted from developing designs for
specific commercial applications.



Many of the significant breakthrough in micro channel reactor design resulted from the
developing designs for specific commercial applications. So challenges there that you have to
design that micro channel base reactor in such a way that there will be that some complex
micro channel system to be easily design based on different thin metals, based on different on
other economic aspects and even how to overcome that corrosion even other aspects of that
reactor systems where that chemicals whatever it will be used that will be used that may be

reacting with that surface of the reactors in micro channel.

So that should be also considered during that design. So that is why the design aspect of the
micro channel which is to be rigorously taken care of those breakthrough points where it can

be considered for the design for that micro channel base reactor to get more intensified way.

So there are several other issues also in micro channel based reactor design there and also
concepts whatever is there may be in terms of mass transfer characteristics and heat transfer

characteristics.

Even some other reaction kinetics systems also to be considered and also residence time of
the reactants and also for the physical process, how that micro-reactor can be used for
separating that or creating that interfacial area to get more yield of that reactive separations or
you can say that absorption system adsorption system separation, physical separation all
those things. So micro channel based micro-reactors are nowadays that important aspects for

process intensification in chemical engineering.

So I think we have discussed lot about that application of micro channel based reactor and
there are some barriers and challenges. I think it is useful for better understanding of that
micro channel based reactor here. Also whatever reactions or separation processes are there
in micro channel, all those separations reactions kinetics that depends on that hydrodynamics

of that micro channel base micro-reactor.

So it is also to be known what are the different hydrodynamics characteristics of these micro
channel base reactor that this to be also known? And how those hydrodynamics may effects
on that mass transfer and heat transfer for the reaction system in the micro channel base, so
we will discuss more about this micro channel based reactor for their how that
hydrodynamics and other characteristics even mixing characteristic is one of the important

aspects that also to be discussed in the coming lecture.
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Further reading......

= David Reay, Colin Ramshaw, and Adam Harvey, Process
| Intensification: Engineering for efficiency, sustainability and flexibility,
IchemE, 2nd edifion, 2013, Elsevier.

» Kamelia Boodhoo and Adam Harvey. Process Intensificafion for
Green Chemistry Engineering Solutions for Sustainable Chemical
Processing, Edited by Kamelia Boodhoo and Adam Harvey , School
of Chemical Engineering & Advanced Materials Newcastle
University, UK. Willey, 2013

= Juan Gabriel Segovia-Hemnéndez, Adrian Bonilla-Petriciolet Editors,
Process Intensication in Chemical Engineering Design Optimization
and Control, Springer, 2016.

=V, Hessel, H. Lowe, A, MUller, G. Kolb, Chemical Micro Process
Engineering Processing and Plants, 2005 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim

So I will suggest you to go further for the application of this chemical micro-process
engineering and processing also how they are using this reactor system in industrial system. I

will suggest you to go through this references for more information about this. So thank you.



