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Abstract

This serialized paper, going on from an IMRET 6 paper [1], describes from a technical point of view further application progress of
microreaction technology (MRT) in the field of azo-chemistry at Clariant. Reproducibility of MRT-lab data in the MRT-pilot plant, which
includes a numbering-up concept, was confirmed for a second MRT-pigment. Screening tests of commercially available microdevices
disclose a need of further improvement of them. Additionally, first experimental data of an on-line process-control prove that a so-called
multi-scale approach [2], which means integration of microdevices in conventional equipment, is a promising and successful way for a
broader application of MRT in industrial applications.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction azo-pigments need an additional laking-step, which is not
discussed here.) IRig. 1 reaction schemes are shown for
Recently, Clariant has reported a successful start of adiazotation and coupling, respectively.
three-stage continuous microreaction technology (MRT)- Diazotation is a reaction of a primary aromatic amine
pilot plant, which was used, first, for synthesis of a (Ar-NH) with a nitrosating agent such as sodium nitrite
yellow azo-pigment with improved coloristic properties (NaNQ). This reaction requires an excess of acid (HY)
[1]. To prove principal feasibility and suitability of the [5]. The resulting diazonium ion (ArN=NY ~), which can
numbering-up concept of the transfer from lab to pilot plant exist in suspended or dissolved form, is then consumed in
scale[3,4], further work was done. the following coupling reaction. The coupling reaction itself
For former investigations as well as experiments describedis an exothermic electrophilic substitution of the diazonium
in this study, two model azo-pigments were chosen, of which compound with a nucleophilic partner (coupling component
one is yellow colored and the other one red colored, respec-(RH)). Besides formed pigment (Ar-NN-R) in this reaction
tively. Thus, they are called yellow and red model pigment in free acid (HY) is produced.
the following. From time to time, both model pigments were
used for comparison of scaling-up versus numbering-up,
for e_z\_/alu_ation of reproducibility_ of results ahd Process 2 Experimental procedure
stability in microdevices and, finally, for testing an ex-
perimental set-up with respect to the so-called multi-scale
approach.
In general, azo-pigments are synthesized by two main
reaction steps, namely diazotation and coupling. (Some

To investigate continuous coupling of the yellow and red
model pigment, respectively, in several microdevices under
various aspects (sekections 3.1 and 3)2both diazonium
components and coupling components were prepared in a
batch-wise manner.

* Prepared for poster presentation at the IMRET 7—7th International ~ For both model pigments starting materials are a pri-
Conference on Microreaction Technology, Lausanne, Switzerland, 7-10 mary aromatic amine (Ar-Ng) and a coupling component
September. Poster session Topic 3 “Microstructured Devices as Tools in (RH). Each primary aromatic amine is Suspended in water
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Fig. 1. Reaction schemes of diazotation and coupling reaction, respectively. | @ 4.6 140 ‘f
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some minutes. This reaction mixture is stirred with a slight 3.0 1 ‘ , 20,0
excess of nitrite. In case of the yellow model pigment the Lab (11) Pilot plant Prod. plant MRT-Lab MRT-Pilot
formed diazonium salt remains suspended. In contrast to this, (o) G0 plant
the diazonium salt of the red model pigment is dissolved. Classic scale-up phenomenon : 1:1 reproducibility

In each case, final concentration of diazo component is ad-
justed so that it can be handled in microdevices without any Fi9- 2- Pigment quality: scaling-up (batch-synthesis) vs. numbering-up of
CPC-microreactors for small-scale production of a yellow model pigment.
problems.
In parallel, the coupling component is prepared by dis-
solving in an alkaline solution. After preparation of cou- 3. Resultsand discussion
pling and diazo component in a batch-wise manner, they
are continuously fed into the microdevices using mul- 3.1. Scaling-up versus numbering-up, reproducibility of
tiple piston pumps. Coupling of the yellow model pig- pigment quality formed in microdevices
ment is performed at room temperature and a set-value of
pH = 6.3. Set-value of coupling temperature of the red  Investigations of the yellow model pigment using the
model pigment is the same, but coupling pH value is 5.0. advantages of microreaction technology (MRT) discloses
pH-values are adjusted by use of an additional pump for potential to reduce costs through faster process and prod-
dosing of an alkaline solution as buffer. Result of the cou- uct developmentfig. 2 shows reproducibility of coloristic
pling reaction is a suspension with a pigment concentration properties (color shade and color strength) of the yellow
of below 5%. model pigment formed by a classic batch process devel-
For a first evaluation of an on-line process control concept opment and in CPEmicroreactors, respectively. (Output
(seeSection 3.3 continuous diazotation of the primary aro- of one pilot plant batch operation is about 80 kg per batch
matic amine (Ar-NH) for production of the red model pig-  operation and hour, that one of the MRT-pilot plant is about
ment was investigated. To realize this, the aromatic amine 1 kg/h. Internal reproducibility of each scale is abétg%,
was suspended and stirred in acid (HY), cooled down to which is true for batch as well as MRT-synthesis.)
10°C and kept at this temperature in a batch vessel. For Although the yellow model pigment produced in the batch
continuous diazotation in a microdevice, this hydrochloride lab slightly exceeds the quality of the MRT-lab pigment, this
suspension as well as sodium nitrite solution (NalN®ere quality level cannot be formed in batch production scale (left
fed separately into the microdevice. There, after mixing of half in Fig. 2). This is primarily due to increased reaction
species continuous diazotation takes place under isothermal/olume by a factor of 40,000 and, thus, due to the loss of
conditions (15C). mixing quality when transferring the batch process from lab
After working-up of the pigment, which includes its sep- scale to pilot scale and ultimately full production scale.
aration from the pigment suspension, drying and milling, In contrast to this, reaction and mixing volumes do not
both model pigments were tested with respect to coloristic change from MRT-lab to pilot plant scale and, therefore,
properties for the respective application field (yellow model pigment quality of MRT-lab is reproducible in the MRT-pilot
pigment: plastic application; red model pigment: printing plant. Indeed, pigment produced in the MRT-pilot plant is
application). slightly superior to that out of the MRT-lab. The reason is,
For specification as well as comparison of pigments color that with standard dosing equipment the accuracy of exact
impression with a standard, measurement systems are usedstoichiometric dosing of reactants at strong flow rates (output
e.g. the so-called CIELAB systeli6]. For this, coloris- of MRT-pilot plant is about 301/h) is higher, than when
tic properties like color shade, strength or lightness are working in the lab range of several 10 ml/min.
measured, e.g. by visual evaluation. Color (C) itself de-  Using CPC-microreactors, the reproducibility of MRT-lab
scribes whether the pigment is yellow or red and color shade pigment quality in the MRT-pilot plant as well as acceler-
(H) describes nuances of a deviation from this color, say, ated process and product development time could be under-
yellow with a slight green nuance; color strength, which lined for a further MRT-pigment. A detailed MRT-lab study
tells, how strongly it is colored given in percent. Color regarding the red model pigment met the requirements for
lightness (L) of a pigment is given by the gray equivalent
[5]. 1 Cellular Process Chemistry Systems GmbH, D-55131 Mainz.
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Table 1 available microdevices. These devices should be designed
Reproducibility of coloristic quality data of a red model pigment formed gnd evaluated to fulfill maximum heat transfer and optimum
in MRT-lab and pilot plant, respectively, using CPC-microreactors mixing properties, in general. Therefore, a screening of mi-

Coloristic property MRT-lab MRT-pilot crodevices for application in the field of azo-chemistry was
pigment plant pigment done.

Color dC 1.58 1.52

Color strength (%) 111 118 . . . .

Color shade dH 0.40 0.38 3.2. Screening of several commercial microdevices

Color lightness dL 0.42 0.4

At Clariant in a first approach, two microdevices
(CPC-microreactors and IMRAcaterpillar mixer) were used
for analyzing scaling-up phenomenons of classic process
a fast process transfer from the lab to the pilot plant, which development in the field of azo-coupling. Data not shown
took less than 1 week. In contrast to this, for this special here, demonstrate that under continuous process conditions
pigment transfer of the batch-process from lab to pilot plant the mixing stage of the reactants has a far greater influence
scale took 2-3 weeks. This can be explained by the needon final coloristic properties of a pigment than a temper-
of re-adjustment of process parameters due to scaling-upature increase due to release of reaction enthalpy under
effects. The reproducibility of MRT-pigment properties is adiabatic conditions.
shown inTable 1 For example performing azo-coupling under adiabatic

This clearly demonstrates that there is no loss of pig- conditions at room temperature in IMMs caterpillar mixer
ment quality, when successfully applying the concept of revealed just a slight increase of temperature in a range
numbering-up from lab to pilot scale. Furthermore, a con- between 3 and 7C, which was measured at the outlet of
tinuous process based on microreactors can form pigmentthe microdevice. This temperature increase is caused by
with a constant level of high quality. buffering of free acid, formed during reaction, to keep pH

Fig. 3shows color strength of the yellow model pigment value constant.
versus operating time. Itis illustrated that due to a continuous  Comparing now coloristic properties of MRT-pigment,
process, which is the basis of MRT, constant product qual- formed under adiabatic conditions, with pigments, that were
ity is intrinsic with a continuous process. Provided measures synthesized under isothermal conditions in CPC-micro-
are taken with respect to on-line process control (e.g. seereactors, showed no significant effect of temperature on
Section 3.3 Thus, considering high-quality MRT-pigments  coloristics within this temperature range.
with a potential market volume up to 100t per annum, Therefore, it can be concluded that-regarding azo-
it is expected to reduce costs for achieving final product coupling reactions at room temperature —the focus of pro-
standardization. cess optimization has to be concentrated on mixing. For

Regarding these promising aspects of MRT in industrial this reason, at the beginning of reactor screening selected
chemical research and development, microreactors are coneommercial microdevices were characterized with respect
sidered as additional standard tools for process/product deto mixing using the well-known Villermaux-reactiof],
velopment and optimization in several departments and di- which was already used for such concerns in the [&st
visions at Clariant. For this reason, Clariant, as a potential Nevertheless, next to a conventional 0.5in. helical static
manufacturer of MRT-specialities, needs to be awarded of mixer? a standard caterpillar mixer of IMM and a Micro-Jet
the latest state of microdevices for process intensification. reactof —the latter equipped with two coaxial nozzles £
Thus, thinking of a potential production plant based on mi- 400pm)—a PCR-microreactdmwith an integrated heat ex-
croreactors requires the evaluation of selected commerciallychanger, similar to formerly used CPC-microreactors, were
investigatedFig. 4 shows these microdeviceRmble 2gives
a rough review of some specifications.

Taking the positive effect of volume rate and, thus, turbu-
lence on mixing into account, microdevices were character-
. ized with only one single total flow rate of 60 kg/h, which
100% is representative for MRT-pilot plant scale. Following the
preparation of NaAc—KI-KI@ and HCI-solution for a flow
rate ratio of 1:1 described if8], solutions were fed into

the microdevices by piston membrane pumps. In each case
95y, 1t : : . . .
24 48 72 96 120 144 168 mass rate was 30 kg/h. Analysis was done off-line using an

In each case compared to an internal pigment standard.

105% -

Color strength [-]

Operating time [h] -
2 Institut fiir Mikrotechnik Mainz GmbH (IMM), D-55129 Mainz.
Fig. 3. Coloristic strength of a yellow model pigment, produced in a 3 Statiflow, D-51643 Gummersbach.
MRT-pilot plant, as a function of operating time. Data are compared to  “ Synthesechemie GmbH, D-66822 Lebach.
an internal MRT-pigment standard. 5 Heatric, Poole, Dorset BH16 6LT, UK.
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Fig. 4. From left to right: sketch of a helical static mixer, caterpillar mixer, PCR-microreactor (source: Heatric), Micro-Jet.

Table 2
Specifications of microdevices investigated in this study and showfign4

Material Hold-up (ml) Mixing is due to Other specifications
Static mixer Steel 1.4571 16 Diffusion/turbulence 12 Removable helical mixing elements
Caterpillar mixer Titanium 15 Diffusion/turbulence Two-plate design, two inlets, up to 5 MPa
PCR-reactor Duplex-steel 18 Diffusion Diffusion bonded, three inlets, integrated

heat exchanger, up to 10 MPa/10D

Micro-Jet Steel 1.4571 1 Impinging jet Welded nozzles, two inlets, up to 10 MPa

UV-Vis spectrometer, in which a sample was analyzed 1 min mass transfer accelerating effects coincide: first, mixing in
after generation with respect to absorption of formed iodine small volumes as mentioned above for caterpillar mixer
at . = 352nm. The higher the detected iodine concentra- and PCR-microreactor. Secondly, mixing in the Micro-Jet
tion, the less effective is the mixingig. 5shows the results.  profits by maximum transformation of kinetic energy of
Macro-mixing in multi-laminating microdevices is more two fluid beams into mixing energy, which meet each other
effective and superior over macro-mixing in a conventional in a collision point in the center of a mixing zone.
static mixe{9]. Therefore, as expected, absorption of iodine  For verification of these promising mixing results of
in microdevices is at least one order of magnitude lower Villermaux’s test reaction, standard caterpillar mixer and
than in a conventional mixing device. This corresponds to a Micro-Jet reactor were both used for the synthesis of the
better mixing. yellow model pigment mentioned above. It can be under-
Regarding IMMs standard caterpillar mixer and PCR- lined that all of these microdevices are suitable for the
microreactor excellent mixing results can be explained synthesis of this yellow model pigment, of which a total
by immediate micro-mixing after contacting and relates amount of 125kg was produced in a MRT-pilot pldhj.
to molecular diffusion of species between lamellas in flat For exampleTable 3shows comparison of coloristic results
channels. In each case maximum channel height amounts tdormed in a CPC-microreactor and IMMs standard caterpil-
1 mm compared to a diameter of 0.5in. of the static mixer. lar mixer. Coupling in the CPC-microreactor was operated
The experiment reveals best mixing properties of the under isothermal conditions in contrast to adiabatic opera-
Micro-Jet reactor. This is not surprising, because here two tion of the standard caterpillar mixer.
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Fig. 5. Absorption of formed iodine at = 352 nm due to continuous mixing of 30 kg/h NaAc—KI-Kg¢Solution with 30 kg/h HCI-solution in various
devices, residence times are approximately: PCR-microreactor: 1.1s; helical static mixer: 0.9 s; standard caterpillar mixer: 90 ms; Mitoo: Bl mea
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Table 3

Coloristic properties of a yellow model pigment formed under isother-
mal and adiabatic reaction conditions in a CPC-microreactor and IMMs
standard caterpillar mixer, respectively

Coloristic property CPC-microreactor IMM caterpillar mixer
Color dC 0.73 0.68
Color strength (%) 143 143
Color shade dH 5.21 5.82
Color lightness dL 1.48 1.64

Data are compared to an internal pigment standard.

Apart from improved color shade (dH), data of IMMs
standard caterpillar mixer are in good correlation with
data of the CPC-microreactor. These data are a principal
proof that continuous mixing in small volumes and —more
important—exact dosing of the reactants is the key to
MRT_pigments with enhanced propertiesl Fig. 7. Caterpillar mixer with straight outlet (source: IMM).

As testing of several commercial microdevices reveals ba-
sic suitability for synthesis of MRT-pigments and coloristic

results agree, these devices can be evaluated with respect tBrobIe_ms Seem to b_e SOIV@O]' as there is an improved
user handling. In this study, it turned out that none of the caterpillar mixer available with straight outlet geometry (see

commercial microdevices, available at the time of this in- 19+ ). Alternative anti-fouling concepts for microdevices

vestigation, meet requirements with respect to application &€ dlscg_ssed 'mif’ﬁzl , . s th

in a pigment production plant. Some aspects are covered in .Accor Ing to Villermaux's test reaction results, the

greater detail in the following paragraphs Micro-Jet reactor is the best mixer investigated in this study
After operating up to five various microdevices in the last (S8€Fig. 9. BUtf forming thO kc;oa>$|al fluid beams for a

year, it was clear for applications in azo-chemistry, when at Maximum transformation of kinetic energy into mixing

least one suspension has to be handled, that the direction off@S—from our point of view —a crucial disadvantage: results
flow in microdevices has to be set very carefully. from experiments in the field of azo-pigments revealed, that

Despite promising coloristics formed in IMMs standard a maxim_um flow rate ratio of_1:1.5 should not be exc_eeded
caterpillar mixer, it failed in this study from a technical when using, €.g. a nozzle pair (4@@/400um). Otherwise
point of view, when producing the red model pigment. Due € beam with higher flow rate and, thus, stronger momen-
to rectangular inlet and outlet geometry at these locations (UM iS too powerful with respect to the weaker fluid beam
the standard caterpillar mixer tends to total and irreversible emerging from th.e oppo.sne noz;le. . .
blockage.Fig. 6 shows rising formation of coating in the The result in this special casels, that the co_|||_5|on point of
inlet and outlet of the top plat«(, @), which finally leads bo_th bear'_ns moves from the m'd‘?”e of the mixing chamber
to total blockage of the mixing geometr)(and short cir- to its wall in direction of the opposite nozzle. Under extreme

cuit flow of reactantsa). However, in the mean time these conditions, pigment formation and precipitation even may
take place in front of the nozzle, which leads to immediate

blockage. Obviously the successful use of the Micro-Jet for
this special azo-coupling reaction is impracticable and seems
not to enable sufficient operation time—especially, as four
reactants at highly different flow rates have to be handled.
Nevertheless, the Micro-Jet may be a reliable microdevice, if
only two reactants with similar flow rates have to be mixed.
Above all, microreactors with integrated heat exchangers
like CPC-microreactors are suitable for pigments synthe-
sis in general. But in most cases bonding techniques of
microstructured platelets based on solder—more ingenious
technology works with diffusion bonding (see Heatric’'s
PCR-microreactor)—are used. This inhibits inspection
of the microstructures as well as thorough cleaning for
multi-purpose use. Furthermore, no commercial low-cost
microdevices are available, which today can be explained

Fig. 6. Mixer geometry in the top plate of IMMs standard caterpillar DY restrained application of them in industry and, conse-
mixer, which is blocked, when coupling a red model pigment. quently, low number of produced pieces.
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Fig. 9. Redox-potential plot of a continuous fully automated diazotation
in microreactors.

Fig. 8. Example of an experimental set-up according to multi-scale ap- were ABB, Endres$ Hauser, Mettler Toledo, Schott and
proach. Prominent.
For a better understanding of following results, when in-
vestigating the controlled continuous diazotation in microde-
For these reasons, from a technical as well as economicyjces, the correlation between redox-potential and dosage of
point of view, especially with respect to a production plant the nitrosating agent is explained. As underline8@ttion 2
based on microreactors, microdevices are needed, which can slight excess of nitrosating agent is needed for a complete
be disassembled. A first modular design for a high through- gjazotation. This can be detected in a batch process very
put, namely Ehrfeld® micromixer LH 1000, appeared on  easily, as redox-potential is very sensitive to the nitrosating
the market in the last 6 months. This device is also available agent. That is, a rising excess of nitrosating agent provokes
with an integrated heat exchanger. Another two-plate device 3 significant sharp increase of the redox-potential. This is
is under development. Both designs will be object of future a|so true for continuous diazotation in microdevices, but for

high-priority investigations. process control the dosage of nitrosating agent has to be cor-
related not with the slope of the jump response (like in the
3.3. Multi-scale approach and on-line process control batch-process), but with an absolute value of redox-potential

under steady-state dosing conditions, Beg 9.

Today batch-processes dominate in the field of pigments In Fig. 9recorded plots of the redox-potential, measured
synthesis. For a serious discussion of the application of at the outlet of the microreactor, the speed of two pumps,
microdevices for continuous processes at industrial scale,which dose reactant A (aromatic amine) and reactant B (ni-
investigations still have to be intensified, even if principal trosating agent), respectively, are shown versus operating
feasibility has already been shown to be successful. time of a fully automated continuous diazotation in a stack of

This is especially true with respect to process automation microreactors. According to experimental data, it is known
as well as a so-called multi-scale approach, e.g. building- that a redox-potential of 620 mV is an optimum operating
up integrated multi-scale process units with locally point for the red model pigment. This value ensures com-
micro/mini-structured devicef?] in conjunction with con- plete diazotation and an acceptable excess of reactant B.
ventional instrumentation equipment like pressure, pH as Dosing pump of reactant A (aromatic amine) acts as the
well as redox-potential sensors and magnetic flowmeters.master pump. It determines the speed of dosing reactant B
First promising results were obtained, when establishing a (nitrosating agent) by a master—slave correlation. The control
dynamic control of flow rates with redox-potential as steer- concept of diazotation does not provide a static ratio between
ing parameter in the diazotation stage of the MRT-pilot plant. flow rates of reactant A and B, but a dynamic one. The speed

Fig. 8 shows a section of the diazotation stage with mi- factor of pump B depends on the redox-potential as follows:
croreactors housingj, double piston membrane pumps for if a redox-potential of 620 mV is exceeded, the flow rate of
dosing @), pressure sensors and indicatc@3 &nd finally reactant B, thus the ratio of speed pump B to speed pump
flow meters @). As total output of the diazotation stage is A, has to be reduced and vice-versa.
about 15I/h conventional commercially available process- By provoking complications in the process, the optimized
ing and instrumentation equipment could be used. Suppliersset of PID-control parameters was tested (see merks

® in Fig. 9: at marke reactant A (aromatic amine) was
6 Ehrfeld Mikrotechnik AG, D-55234 Wendelsheim. diluted, which leads instantaneously to a sharp increase of
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redox-potential, because for a short time too much of reac- this paper is conclusive proof that multi-scale concepts can
tant B (nitrosating agent) is fed into the reactor. But within be successful. This primarily can be achieved when a com-
some minutes the speed of reactant B is reduced so that thdination of conventional instrumentation set-up is used in
optimum redox-potential value of 620 mV is reached again. conjunction with microdevices.
The same is true for marl& ande , when each time one It has to be pointed out that these conclusions, espe-
pump head of a double piston master/slave pump is deacti-cially the evaluation of microdevice applied in the field of
vated manually. Then, this is compensated by increasing theazo-chemistry, are relative in the sense that they are only
speed. Again, the plot of redox-potential clearly shows, how valid for the two investigated model azo-pigments. Other
fast the applied control concept eliminates deviation from applications may lead to a different evaluation and ranking
the optimum operating point. of microdevices.
For processes based on microreactors, these data are
motivation enough for further improvement of an auto-
mated control, while using conventional and commercially
available electronic, measurement as well as control equip-
ment. Furt,hermore’ It can be, concluded tha_t t_he multl-spale L. Unverdorben, Proceedings of the Sixth International Conference
approach is not of academic nature. But it is a practica- g microreaction Technology, 2002, p. 7.
ble way to promote the challenging industrial application [2] M. Matlosz, J. Jenck, Th. Bayer, Synopsis of the IMPULSE Project,
of devices for process intensifications like microreactors/ Version 3.6, 2002.
mixers. [3] W. Ehrfeld, V. Hessel, H. Léwe, Microreactors, 1st ed., 2000, pp. 1,
9, 71, 152.
[4] S. Wuthe, Chemie Technik 10 (2002) 46.
[5] W. Herlost, K. Hunger, Industrial Organic Pigments—Production,
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