MICROSTRUCTURED REACTOR SYSTEMS 647

CHIMIA 2002, 56, No. 11

Chimia 56 (2002) 647-653
© Schweizerische Chemische Gesellschaft
ISSN 0009-4293

Application of Microstructured Reactor
Technology for the Photochemical
Chlorination of Alkylaromatics
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Abstract: The advantageous application of a falling-film microreactor for a photochemical gas/liquid reac-
tion was demonstrated by the selective photochlorination of toluene-2,4-diisocyanate (TDI). In the micro-
structured reactor the selectivity to the side-chain chlorinated product 1-chloromethyl-2,4-diisocyanatoben-
zene (1CI-TDI) achieved a value of 80% at 55% TDI conversion, whereas the side product toluene-5-chloro-
2,4-diisocyanate (5CI-TDI) was formed with only 5% selectivity. The yield of 1CI-TDI was enhanced by
increasing the residence time from 24% after 5 s to 54% after 14 s. At the same time the formation of con-
secutive products increased and the selectivity to 1CI-TDI decreased to 67% after 14 s residence time. The
influence of the reactor material was shown. In presence of a Lewis acid such as FeCl,, formed by chlorina-
tion using a reaction plate made of iron, consecutive products were formed and the selectivity to 1CI-TDI was
lowered. The microstructured reactor led to remarkably higher selectivities than the conventional batch re-
actor, where the selectivity to 1CI-TDI was only 45% at 65% TDI conversion and the side product 5CI-TDI
was formed with 50% selectivity. The space-time yield of 1CI-TDI achieved in the microstructured reactor
(400 mol I h'") clearly exceeded the performance of the batch reactor (space-time yield 1.3 mol I h-").
Based on the microreactor data, a kinetic model for the TDI chlorination including by-product formation was
suggested and used to predict product selectivity at full TDI conversion.

Keywords: Gas/liquid reaction - Microstructured reactor - Photochlorination

1. Introduction decomposition reactions, is suppressedas/liquid reactions have been reported.

As a result, higher selectivities, yields an&kecently, it could be shown that the direct
In recent years microstructured reactonsroduct qualities are usually obtainedfluorination of toluene with elemental fluo-
have attracted increasing interest as usefMoreover, the reactions proceeding in @ne gives noticeably higher selectivities
devices for chemical reactions and processmall volume can be controlled much morand space-time yields when conducted in a
es. Basic features of such reactors are themsily with respect to pressure, temperéalling-film microreactor or a micro bubble
high surface area to internal volume ratidure, and residence time. Thus, the risk @blumn compared to a laboratory bubble
resulting from channel widths of less thahighly exothermic or explosive reactionsolumn [2].
1000um. This leads to a much better heatan be reduced drastically. Photochemical methods using light as
removal for exothermic reactions than in  An overview on the application of mi-an ecologically clean ‘reagent’ offer more
macroscopic batch reactors. Accumulatedrostructured reactors to fine chemical syrselective routes for chemical processes than
reaction heat leading to hot spots, which atBesis has been given by de Mello anthermal ones. Nevertheless, photochemical
responsible for parallel, consecutive an@ootton [1]. Clear advantages are shown iand thermal methods are often complemen-
comparison to existing technologies in ditary techniques leading to safer and less
rect fluorination [2], nitration of organic time-consuming syntheses [10]. However,
compounds [3], catalytic gas-phase reathe disadvantage of poor spatial illumina-
*Correspondence: Dr. K. Jahnisch tions [4][5], exothermic gaseous reactionson homogeneity in photochemical reac-
Tel.: +49 30 6392 4146 [6], diazotization of aromatic amines [7]tions has to be compensated by the reactor
E?ﬁa;f?aggﬁgfﬁé‘:’fi berlin.de and photochemical reactions. [81[9], be_design. IQQUstriaI photochemical processes
3nstitut fir Angewandte Chemie Berlin-Adlershof cause in microstructured devices a rapiare auspiciously performed in large tubular

giﬁh;fgéVéi"SlFéﬂg'S"- 12 heat and mass transfer is enabled due reactors directly irradiated from the outside
- erlin, Germany . . . . . . R

bBASF Schwarzheide GmbH small diffusion distances within the mi-by macro-scale lamps [11]. This type of re-
Schipkauer Str. 1 crochannels. Only few examples for the afactor allows a broad variety of reactions.

D-01986 Schwarzheide, Germany plication of microstructured reactors forHowever, in large-scale photochemical re-
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actors the light penetrates only a small red and continuous generation and reactialiisocyanate
action zone near the wall of the reactor anaf singlet oxygen without the inherent dan-
large amounts of the substrate are not irrger of large quantities of oxygenated sol- Chlorination of alkylaromatic com-
diated. This disadvantage arises from theents. The introduction of a peroxy funcpounds by substitution of hydrogen by a
dependence of absorbance of a radiatidion by cycloaddition of singlet oxygen washalogen atom is a typical example of a free-
beam from the absorption path length aclemonstrated by the photooxidationoof radical chain reaction. Reaction (1), see
cording to the Lambert-Beer law. To overterpinene to ascaridole [9]. The authorScheme 1, is started by the generation of
come this disadvantage photochemical r&&ave shown that the microreactor techniquehlorine free radicals by irradiation (reac-
actions are often performed in falling-filmallows effective irradiation even with lowtion (3)). 1-Chloromethyl-2,4-diisocyana-
reactors, where the surface of a thin filnmtensity light sources. tobenzene (1CI-TDI) is formed by side-
containing the liquid substrate is irradiated In the future, microstructured reactorghain chlorination of TDI (reactions (4) and
[11]. Using miniaturized reaction systemswill play an increasing role in chemical in-(5)) following a free-radical mechanism.
the film is less than 10Am thick and the dustry. With this paper we contribute to the However, high local concentration of
light penetrates through most of the deptlor industrial important processes. The per-
of the fluid. formance of microstructured reactors i
The advantageous application of microdemonstrated by the photochlorination ¢ ¢ " (Cly 20l 3)
structured reactors for photochemical reathe side chain in alkylaromatics. The
tions has been demonstrated by Jensgas/liquid reaction oftoluene-2,4-diiso- ArCH, + CI"' —= ArCH, + HCI (4
and coworkers [8] in 2001 and de Mello andyanate (TDI) with chlorine toform
coworkers [9] in 2002. Jensehal.showed 1-chloromethyl-2,4-diisocyanatobenzen: Ar-CH,” + Cl
the high efficiency of photon transfer using1CI-TDI), being an intermediate for the
micro-fabricated chip devices as reactorsynthesis of polyurethanes, is used as an ex-
The pinacol formation from benzophenonesmplary reaction. diuene-5 chloro-2,4-di- newly formed chain-starting radicals favors
which follows a free-radical mechanismjsocyanate (5CI-TDI) is side product of the their recombination or undesired secondary
was studied as a model reaction. Knowohlorination. Data used for selectivity andeactions and reduces the chain chlorina-
scale-up difficulties in photochemical reaceonversion were taken depending on redion. Thus, the economy of photochlorina-
tions due to poor illumination uniformity dence time and on the material (Ni or Fe)on decreases.
and excessive sample heating have beehosen for the microstructured reactor. The Beside the side-chain chlorinated prod-
overcome by parallel operations of multipleesults were furthermore compared witluct 1CI-TDI, the ring-chlorinated product
miniaturized reaction devices [8]. De Melthose obtained in a batch reactor. 5CI-TDlI is formed in a parallel reaction (re-
lo used a nano-scale reactor for the protect- action (2) in Scheme 1), and products of hy-
drolysis or polycondensation can be formed
2. Photochlorination of Toluene-2,4- as consecutive products. The formation of
the side product 5CI-TDI by electrophilic
substitution can be suppressed by carrying
out the reaction at elevated temperatures
and irradiation. But electrophilic substitu-
1-Chloromethyl- tion is catalyzed by Lewis acids acting
2,4-diisocyanatobenzene as halogen transmitter, which are formed
(1CI-TDI) by chlorinati f tallic i iti
y chlorination of metallic impuritie®.g.
Fe* [12]. Benzylchlorides such as the
CH,CI target product 1CI-TDI also react with
Friedel-Crafts catalysts like Fe(ly sepa-
ration of halogen chloride to give resin-like
condensation products [13]. For this rea-

M - ; . ;
GH, \ son, the influence of iron was investigated

by carrying out the reaction in microstruc-

Ar-CH,CI + CI° (5)

NCO

NCO +Cl, +hv NCO unidentified high tured devices made of nickel and iron,
molecular-weight respectively.
- HCI by-products
CH, /
NCO NCO 3. Experimental
2
(Tj?'”e"e'z'f" @ 3.1. Microreactor Design and
iisocyanate .
(TDI) Ci Equipment

A falling-film microreactor, which gen-

NCO erated thin films by contacting liquid and
Toluene-5-chloro- gaseous phases, was applied. The reactor,
2,4-diisocyanate designed by the Institut fir Mikrotechnik

(5CI-TDI) Mainz, Germany, see [2], consists of a ver-

tically orientated reaction plate containing

Scheme 1. Photochlorination of toluene-2,4-diisocyanate (TDI) forming 1-chloromethyl-2,4-di- 32 paraIIeI. miQrOChannels (see Fig. 1). The
isocyanatobenzene (1CI-TDI), depicted in reaction (1), and toluene-5-chloro-2,4-diisocyanate channel width is 60m, the depth 30Am
(5CI-TDI) as a side-product in reaction (2). and the length is 66 mm. Two plates were




MICROSTRUCTURED REACTOR SYSTEMS 649

CHIMIA 2002, 56, No. 11

reactor was equipped with a transparent
. quartz window (see Fig. 1) for light pene-
Top plate with  Contact Bottom plate tration into the channels of the reactor. The
as chamber area Reacti with microstructured . . : fil
mask eaction cooling channels reactants were irradiated using an unfil-
late Educt (TDI) tered 1000 W Xenon lamp (LAX 1000,

Muller Elektronik-Optik, Moosinning,

Gaseous

Quartz phase@ 1 ) Germany) located in front of the window.
window dﬁl;asﬂ The wavelength was in the range of 190 nm
to 2500 nm with maximum intensity at
§Heat about 800 nm.
carrier

W b

3.2. Chemical Reaction

Asolution of TDI (100 mmol = 14.4 ml)
in tetrachloroethane (30 ml) was prepared.
The solution was introduced into the reac-

L]
\\ tor at flow rates of 0.12 ml/min, 0.23

ml/min, 0.38 ml/min, and 0.57 ml/min. The
Product flow was controlled by a pump with PTFE
~ pump head (Masterfléy. Variation of lig-

uid flow rates changed residence times, too,

] ] ] o ] ] ] achieving 13.7 s at 0.12 ml/min, 8.9 s at
Fig. 1. The microstructured reactor device (source: Institut fir Mikrotechnik Mainz, IMM) with 0.23 mi/min. 6.6 s at 0.38 ml/min. and 4.8 s

inlets and outlets for the gas, the liquid phase, and the heat carrier.

Cl2 f

/ Falling film

at 0.57 ml/min, see Table 1. The gas-flow
rates of chlorine were between 14 ml/min
and 56 ml/min (measured by a mass-flow
used: reactor module 1 was made of nickeahe film thickness was calculated to beontroller, Bronckhorst) to ensure equimo-

and reactor module 2 of iron. 21 um to 36um, see Table 1. lar ratio of TDI to chlorine.

In the falling-film configuration, the This calculation allows an approxima- The backside of the reaction plate was
liquid phase is introduced into the microre- held at the desired reaction temperature of
actor device by a horizontal slot (see Fig. 1 130 °C by a continuously flowing heat car-
The solution is then distributed to sub 3V, M, 173 rier. Temperatures were controlled by ther-
streams, which enters a microchann¢ 8 = | ———— (6) mocouples at the inlet and the product out-
through an orifice and flows downwards. # Pig B & let. The product was continuously removed
thin film of the liquid reactant is generatec from the reactor by a pump. Inlets and out-
by gravity force. The gaseous phase was lets of the reactor were connected with the

passed counter currently to the liquid phag®n of the real film thickness for laminarliquid and gaseous components by PTFE
through the microreactor device, and thitow of low-viscosity liquids. However, the tubing with standard fittings.

chemical reaction took place at the intemmpplicability of this method for micro-

face between liquid and gaseous competructured devices with the large surface 3. Reactions in a Batch Reactor

nent. The thickness of the fluid in thevolume ratio is unknown. First attempts to Batch reactions were carried out in a
falling-film reactor was calculated based omeasure the film thickness in microreactorffask, where the lamp is located in a tube
film theory according to Eqgn. (6) given bywere made by Wille [15] The results pipe surrounded by the reaction solution. A
Perry [14], where = film thickness,_\{q = showed a significant deviation between theercury high-pressure lamp was used as
liquid flow rate,n;, = viscosity of the lig- calculated data and the measured filiradiation source. The vessel containing
uid, p;, = density of the liquid, B = width thickness of about 50%, which were ex100 mmol of TDI in 30 ml tetrachloro-
of the film, and g = acceleration due tglained by the influence of wall effects.  ethane was heated by an oil bath to 130 °C
gravity. Depending on the volumetric flow For photochemical reactions the microand continuously stirred. Chlorine was bub-
bled through the solution during continuous
irradiation. The molar ratio of TDI to Cl
was varied ranging from 1:2, 1:1, to 2:1.
The reaction was interrupted after 30 min of

Table 1. Film thickness, liquid reaction volume, specific interfacial area, and residence time by S
chlorination.

variation of volumetric flow rate calculated for the microstructured reactor device based on film

theory [14].
3.4. Analysis
Flow rate Film thickness? Film volumeP Interfacial area  Residence time The product stream of the continuously
[mI TDV/min] (um] [ml] [m?/m?] [s] operated reactor was collected in a glass
0.12 21 0.027 48000 13.7 vessel. For analysis samples were taken di-
0.23 57 0.034 37000 8.9 rectly from the _mmrostructured reactor
outlet after 30 min, 40 min and 60 min of
058 83 iz 50000 6:6 continuous flow under irradiation, each
0.57 36 0.046 28000 4.8 with two samples. 10Qul of the product
were diluted in a ratio of 1:10 with toluene
a referred to a channel width of 600 pm and a channel number of 32 containing 1,4-dichlorobenzene as internal

b microreactor with 32 microchannels & 600 pm X 300 pm X 64 mm standard and analyzed by GC using a
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SUPELCO SPB-50 column (length 30 m
ID 0.25 mm), FID as detector, and heliun 100
as carrier gas.

For each experiment, conversion X1o1
of TDI, yield Y of 1CI-TDI and selectivity 80 1
S to 1CI-TDI based on conversion of TDI
as well as selectivity to the side produg
5CI-TDI were determined. An average wal
generated from six values obtained for ea
experiment. The standard deviations (¢
conversion and selectivity amounted t
about 5%. The performance of the reacto
was characterized by the space-time yie
of 1CI-TDI. The reaction volume was
calculated as film volume inside of the 0 ‘ ‘ ‘ ‘ ‘ ‘
microchannels. Thus, the internal volum 0 2 4 6 8 10 12 14 16
of the microreactor device was omitted an
only a fluid film of 21 to 36 pm thickness|

was taken into account and not thEig. 2. Photochlorination of TDI: Effect of residence time on TDI conver-
tOtaI_Channel depth of 30@m. A_‘t a VO“_J' sion and yield of 1CI-TDI for the reaction using microreactor module 1
metric flow rate of 0.57 ml/min the film (nickel plate). Reaction conditions: molar ratio TDI:Cl = 1:1, temperature
volume amounted to 0.046 ml, considering30 °C.

the number and width of the microchannels,
see Table 1. The specific interfacial area of
the falling film, see Table 1, was calculated
as reciprocal value of the film thicknessTDI conversion and selectivities using thebtained at longer residence time, 1CI-TDI
e.g.the ratio of film surface to the liquid re-microstructured reactor module 1 (nickeselectivity decreased to 67%. On the other
action volume. plate) are given in Table 2. hand, selectivity to the ring-chlorinated
Conversion of TDI as well as yield ofside product 5CI-TDI decreased with en-
1CI-TDI are depicted in Fig. 2 as a functiomanced TDI conversion from 12% at 30%
4. Results and Discussion of residence time. The more efficient massonversion to 5% at 80% conversion. The
4.1. Variation of Residence Time exchange between gaseous and liqudifference between TDI conversion and the
Efficient contacting between liquid andphase at larger residence times resulted isam of products observed by GC is ex-
gaseous phase is a primary task of micrtigher TDI conversion. The product yieldpressed in Fig. 3 as graph for by-products.
structured reactors and is considerably inncreased from 24% after 5 s (TDI flow ratéT he increased selectivity to the by-products
fluenced by the residence time of the rea©.57 ml/min) to 54% after 14 s residencat higher TDI conversion gave evidence
tants inside the channels. Residence tintiene (TDI flow rate 0.12 ml/min). Howev- that by-products are mostly formed by con-
was varied by changing the flow rate of TDEr, at longer residence time than about 14secutive reactions, to which the decreased
ranging from 0.12 ml/min to 0.57 ml/min. the yield of 1CI-TDI probably will no selectivity to 1CI-TDI and to 5CI-TDI can
Increasing residence time results itonger increase significantly. be attributed. We can conclude that in
smaller film thickness, see Table 1, and The performance of the reactor modulenicrostructured reactors a high perform-
mass transport between gaseous and liquidis shown in a selectivity-conversiorance was obtained when short residence
phase is enhanced. This is expressed by tiegram in Fig. 3, where selectivity totimes were chosen and thus, consecutive re-
rising specific interfacial area, and thelCIl-TDI, to the side product 5CI-TDI asactions were avoided.
transport of chlorine or chlorine radicalsvell as to further by-products are depicted
into the liquid film is advantaged. Consedepending on TDI conversion. Selectivity@.2. Variation of the Material of the
quently, conversion of toluene-2,4-diisoto the side-chain chlorinated producReaction Plate
cyanate increased from 30% to 81%, whil&CI-TDI amounted to 80% and remained Lewis acids are known as catalysts for
the selectivity to the target product 1CI-TDunaffected by TDI conversion ranging fronthe chlorination of the aromatic ring; they
decreased from 80% to 67%. The results 80% to 55%. At higher TDI conversion,act as a chlorine transmitter. Furthermore,
the chloromethyl group in 1CI-TDI can re-
Table 2. TDI conversion, selectivities and space-time yield of 1CI-TDI using reactor module 12 act with Lewis acids forming condensation

(2]
o

Y1 CI-TDI

conversion, yield [%]
H
(]

N
o

residence time [s]

(nickel plate) for various flow rates. products by Separation of HCI. If the reac-
tor device containg.g.iron, Lewis acids

Flow rate X Sici-Tol SsoiToi STY® like Fe(n) chloride are formed by chlorina-

[mi TDI/min] [%] [%] [%] [mol I h~] tion. To investigate the influence of Fe the

0.12 81 67 5 321 reaction was additionally performed in a

0.23 55 80 5 401 reactor containing an iron plate (reactor

module 2).

O gl 7 e £es Conversion and selectivities obtained

0.57 30 79 12 398 for the reaction are shown in Table 3 at dif-

ferent flow rates. Comparing the results

a 32 microchannels 4 600 um X 300 pm X 64 mm with those obtained in reactor module

b referred to the film volume in the microchannels 1 (Table 2) it can be concluded that the se-
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selectivity [%]
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80 |
~— 1CI-TDI

40 by-products
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0 20 40 60

conversion [%]

Fig. 3. Photochlorination of TDI: Selectivities of main and side product
as a function of TDI conversion for the reaction using microreactor
module 1 (nickel plate). Reaction conditions: molar ratio TDI:Cl = 1:1,

temperature 130 °C.

Table 3: TDI conversion, selectivities and space-time yield of 1CI-TDI using reactor module 22

(iron plate) for various flow rates.

Flow rate X Sicitl
[mI TDI/min] [%] [%]
0.12 80 50
0.24 56 65
0.35 43 59
0.57 31 64

@32 microchannels 4 600 pm X 300 pm X 64 mm
b referred to the film volume in the microchannels

conversion [%]

100 -

80 - nickel pIatel——l——'\-
E 60 - iron plate "
£
2
©
2 40 batch reactor
@

20 -

0 , . :
0 20 40 60

Fig. 4. Selectivity for 1CI-TDI depending on TDI conversion compared
for the reaction in the microstructured reactor module 12 (nickel), mod-
ule 22 (iron) and in the batch reactor®. Conditions: a) molar ratio of TDI:CI
was 1:1, b) molar ratio of TDI:Cl was 2:1, 1:1, and 1:2, reaction temperature

130 °C.

STYP
[mol I h™]

236
346
288
333
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lectivity to the target product 1CI-TDI
(side-chain chlorination) was strongly
affected by the plate material, whereas the
selectivity to the side product 5CI-TDI was
not significantly influenced. At 80% TDI
conversion, using the iron plate selectivity
to 1CI-TDI amounted to 50%, whereas us-
ing the nickel plate 67% selectivity was
achieved. The same trend was observed at
smaller TDI conversion

This result gives evidence on the en-
hanced formation of consecutive products
from 1CI-TDI in the presence of Lewis
acids. These products, probably resin-like
condensation products, could not be identi-
fied by GC, but solid particles were ob-
served in the collecting tank. An enhanced
formation of the ring-chlorinated side prod-
uct 5CI-TDI by using the iron reaction plate
could not shown.

4.3. The Advantage of a Micro-
reactor in Photochlorination

The photon efficiency is one of the most
important criteria of a photochemical reac-
tion. The radicals are generated by irradia-
tion of chlorine (reaction (3) in section 2)
and tend to recombine if their concentration
is too high. As a consequence of that,
recombination of the radicals can be sup-
pressed by avoiding high local radical con-
centration in the whole reactor. This is fa-
cilitated by the high specific interfacial area
in microreactor devices designed for carry-
ing out gas/liquid reactions. Due to the fast
mass transfer of chlorine into the liquid and
the fast diffusion within the liquid film,
chlorine is spread effectively over the liquid
phase, where the reaction occurs. In con-
trast, in conventional reactors radical con-
centration near the reactor wall is high and
small in the internal volume of the reactor.

The photochlorination of TDI in the mi-
croreactor was performed at short residence
times, resulting in a space-time vyield of
1CI-TDI using module 1 of 401 motih1
at 55% TDI conversion, see Table 2. The se-
lectivity to the target product 1CI-TDI
amounted to 80% and the ring-chlorinated
product 5CI-TDI was formed with only 5%
selectivity. The space-time yield exceeded
those of the batch reactor in orders of mag-
nitude and the selectivity of 1CI-TDI by a
factor of two. Using the batch reactor
space-time yield amounted to only 1.3 mol
1CI-TDI I’ b1 at 65% TDI conversion
during 30 min. The 1CI-TDI selectivity was
merely 45%, whereas the side product 5CI-
TDI was obtained with 54% selectivity.

The performance of the reactors is com-
pared in Fig. 4, where selectivity of 1Cl-
TDI obtained for the reaction in the micro-
structured reactor modules 1 (nickel plate)
and 2 (iron plate) are compared to those ob-
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tained with the batch reactor as a functioconventional batch reactor photochlorinaeroreactor kinetic data,e. concentrations
of TDI conversion. The largest 1CI-TDltion leads to a high local concentration obf TDI and of the two primary products
selectivity was obtained using the microehlorine radicals and their recombinatioif1lCI-TDI and 5CI-TDI) were initially fitted
structured reactor module 1. In contrasteduces the chlorination of the alkyl chainto first order rate equations with respect to
using the batch reactor selectivity was sigkhe radicals cannot react quickly enougfDlI, but we could not confirm this depend-
nificantly smaller, resulting from the for-with the alkylaromatic species to producence. Finally, an order of 0.1 was calculat-
mation of the ring-chlorinated side productthe chlorinated product following in recom-ed by simulation. In the final model, see

These results clearly demonstrate the iniination of the radicals. Scheme 2, this value was approximated

proved performance of the microreactor. by a Oth order. The final model for the
The effect on selectivity is explained4.4. Kinetics and Reaction photochlorination includes the parallel

with a more efficient photon yield in theEngineering reactions of TDI to 1CI-TDI (P1) and to

small volume of the microstructured reac- In the present study gas-phase chlorir®CI-TDI (P2) being Oth order reactions
tor devices compared to ideal batch reapartial pressure was constant within theith respect to TDI. Consecutive reaction
tors. The photochemical induced chlorinareactor since it was undiluted. Estimatesteps as indicated in Scheme 2 forming
tion of alkylaromatics leads to a highshowed that the diffusion transport of chloproduct P3 (or some more products P4, P5
selectivity of the alkyl-chain chlorinatedrine into the liquid layer is very fast as com:.) were also considered. By fitting the mod-
product, since the light can easily penetrafmred to the chemical reaction; from this il to the kinetic data it turned out that the
through a thin film of the substrate andan be concluded that chlorine concentr@onsecutive reactions could be described
chlorine radicals are present within théion either in molecular or atomic form isbest as 2nd order reactions. The estimated
whole film depth. In contrast, in a reactiorconstant within the liquid phase. Undekinetic parameters are summarized in
vessel light penetrates only in a small seghese conditions a kinetic model assumin§cheme 2. These data were used to simulate
ment of the reactor. Most of the substrate & plug-flow reactor is reasonable. the performance of a plug-flow type micro-
not induced by photon energy leading to According to Beltrame and Carra [16]structured reactor,e. for determining the
side reactions. Without irradiation, thethe photochlorination of alkylated aromaticontact time required for reaching certain
chlorination at the aromatic ring is favoredompounds is first order both in chlorin€lDI and product concentration, see Fig. 5.
resulting in the formation of 5CI-TDI. In aand in the organic substrate. Thus, the mihe simulated data show good agreement

Scheme 2. Reaction network and rate equa-
tions of the final kinetic model, where P1 is the

= * 2 = -1 g-1 ’
r=k, ry =k * (¢ [P1]) ky =0.12mol I s target product 1CI-TDI, P2 the side product

P1 5CI-TDI, and P3 (P4, P5...) are high molecular
l k, =0.01 mol [ s consecutive products, and k; are the respec-
tive rate constants.
DI P3 (P4,P5.) k, = 0.05 | mol s
7k py kPP T k, = 1.85 mot s

100%
_ 80% |
g P1
- B
g > 60%
= 2
2 S 0% - ,
@ o o P3
(2] (0]
c 7]
o]
o

20%

E——
0% T T T T
20 0% 20% 40% 60% 80% 100%
residence time [s] conversion [%]

Fig. 5. Concentration of TDI and of the reaction products as a function Fig. 6. Simulated selectivity versus TDI conversion curves based on
of residence time - comparison between model (black lines) and ex- the reaction network in Scheme 2.
perimental data obtained in the microreactor module 1 (points).
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cyanate. Compared to a batch set-up in  sitiat Claustha200Q
miniaturized photochemical reactors light{16] P. Beltrame, S. Carrdetrahedron Lett.
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depth. By the high surface to volume ratio
in microstructured reactor devices the
local concentration of chlorine radicals is
significantly lower and clearly higher
selectivities of the target product 1-chloro-
methyl-2,4-diisocyanatobenzene  were
achieved than using a conventional batch
reactor. The space-time yield of the micro-
structured reactor was orders of magnitude
higher compared to a conventionally reac-
tor. Due to the advantageous mass transfer
characteristics of the microreactor, intrinsic
kinetic data were measured in the experi-
ments, which facilitated the kinetic model-
ing of the TDI chlorination. A reaction net-
work taking into account by-product for-
mation has been suggested, which shows
good agreement with the experimental data.
The present study describes a successful
application of a falling-film microreactor
for a photochemical gas/liquid reaction. It
can be expected that the application of mi-
croreactors can also be beneficial to other
photochemical reactions.

Received: October 14, 2002

[1] A. de Mello, R. Woottonl.ab Chip2002
2, 7.

[2] K. Jahnisch, M. Baerns, V. Hessel, W.
Ehrfeld, V. Haferkamp, H. Léwe, C. Wille,
A. Guber,J. Fluorine Chem200Q 105,
117.

[3] J.R. Burns, C. RamshaW®yoc. of the il
International Conference on Microreac-
tion Technology,March 5-9200Q At-
lanta, p. 133.

[4] P. Claus, D. Honicke, T. Zeckatal. To-
day2001, 67, 319.

[5] O. Wborz, K.P. Jackel, T. Richter, A. Wolf,
Chem. Eng. ScR001, 56, 1029.

[6] E.V. Rebrov, M.H.J.M. de Croon, J.C.

CHIMIA 2002, 56, No. 11



