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Problem 2

Economies of scde usudly lead to large fadilities from where chemicas are shipped.
However, safety and environmenta concerns could shift the current mode of operation
towards smdler plants located near the intended point of gpplication. This is particularly
the case for hazardous and toxic chemicd intermediates that have serious storage and
shipping condrants. Orne such intermediate used throughout the chemicd and
pharmaceutical  industry is phosgene (COChL, carbonyl dichloride), manufactured from
gaseous chlorine and carbon monoxide over activated carbon:

Cl, + CO > COCl, -DH = 26 kcal/mol Q).

Phosgene is widdy used as a chemicd intermediate for the production of isocyanates
used in polyurethane foams and in the synthess of pharmaceuticds and pedticides.
Processes using phosgene require specidized cylinder storage, environmenta  enclosures,
pipeines, fixtures under negeative pressure, and ggnificant preventative maintenance.
Moreover, phosgene is under a variety of transportation redtrictions.  As a conseguence,
most phosgene is consumed at the point of production  Off-gte production often
necesstates out-sourcing not only the phosgene synthesis, but dso a sat of sequentid
processng steps in order to get to a safe, trangportable compound.  Microchemical
sysdtems sand to provide an opportunity for flexible point-of-use manufacturing of
chemicads such as phosgene. Banks of reactors can be turned on or off as needed to
maintan as close to zero dorage as possble  Single reactor falures would lead to
extremely smdl chemical relesses

In this problem, you are to explore phosgene synthess in a dlicon based
micropacked-bed reactor as an example of a safe on-ste/lon-demand production of a
hazardous compound. Preliminary results have been collected by Sameer Ajmers and
Matthew Losey (MIT, Chemicd Engineering) with the reector illustrated in Figure 1.
The microreactor is fabricated out of sngle crysa slicon with standard microfabrication
processes developed for integrated circuits and MEMS. The geometry is defined using
photolithography and created with slicon etching. The reactor congsts of a 20 mm long,
625 mm wide, 300 nm deep reaction channd (3.75 nL volume) capped by Pyrex. Figure
1b shows a scanning dectron micrograph (SEM) of the inlet where flow is split among
sverd interleaved channds (25 mm wide) that meet a the entrance of the reaction
channd. Perpendicular to the inlet channels are 400 mm wide loading channds used to
deiver catays particles to the reactor. Catdys is loaded by placing a vacuum at the exit
of the reactor and drawing in particles through the loading channels. At the outlet of the
reaction chamber, a series of posts with 25 nm gaps acts as a filter to retain the catadyst



bed (Figure 1c). There are dso four 325 nm wide channels perpendicular to the reaction
channel dong its length for holding thermocouples. Access ports for flow come from
undernegth at the inlet (not shown in Figure 1), the reactor exit, and a the ends of the
cadys loading channdls.
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Figure 1. Microfabricated slicon packed-bed reactor. @) Top-view of reector partidly
loaded with 60 mm activated carbon particles. The reactor channd is 20 mm long. The
image is spliced to fit the 20 mm reaction channd by omitting the long channd mid-
section. b) SEM of the 25 mm wide interleaved inlets. ¢) SEM of the catays filter
structure.

The experiments were carried out with gpproximately 1.3 mg of 63nm diameter
activated carbon catayst pellets. The catadyst pellets had a measured surface area of 850
nf/g. The phosgene experiments were performed with a gas feed flowing & 4.5 sccm
(Note: 1 sccm = 1 cnimin of gas flow measured a standard conditions: 1 am, (°C) with
a 2:1 ratio of CO to Ch. The entire reactor could be considered isotherma. The exit of
the reactor was fed directly into a vented exhaust hood. The absolute pressure at the inlet
of the reactor was 132 KPa and was nomindly atmospheric pressure a the exit. A
pressure drop andyss showed that the pressure dropped linearly over the length of the

catayst packaging.



Thefollowing data were collected from the experiments:

Temperature (°C) Conversion of chlorine
100 0.28
120 0.45
150 0.60
175 0.83

Shapatinaet al. (Kinetics and Catalysis, 17 3, 559 (1976)) describe the rate of phosgene
formation by the following expresson:
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where R x» = moles of phosgene produced per hour per gram of carbon catalyst,

P; = the partia pressure of speciesi in atmospheres of pressure
2 1900 5 400

A = equilibrium congtant given by the equation: A=10° T e
where T isin Kelvin

k = the Arrhenius rate congtant for this reaction determined in macroscopic
experimentsto be:

Activation energy (Eact) =7.57 kcal/mol
Pre-exponentia factor (Ao)= 22.6 mol/(h- m?- am)

(@ As a fird gep in the desgn process, the experimenta conversons from the
microchemica reactor are to be compared with predicted values from reactor
caculations based upon the reported kinetic parameters. The reaction engineer on
the desgn team has derived the following expresson for the converson (X) as a
function of the catdys (W).
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Here Fcixo is the initid molar feed rate of Ch, k is the rate constant described
above, P is the pressure (which varies linearly with W), Y is the inlet ration
of molar flows of CO and Cl..

Derive Egn (2) and solve it (numericdly using your favorite tool, Matlab, Mapple,
Excdl... ). Plot the predicted conversion aong the length of the reactor for 175°C.
Compare your predicted exit concentrations to those measured.



(b) At what temperature is >99.5% of the Cl, converted to phosgene?

() On the bads of your results from the above dudies desgn a multichannd
microchemicad system cgpable of producing 2 g/min of phosgene with >99.5%
converson of Ch for use in laboratory experiments. In developing your design, you
might want to consder the following quesions. How many channes? What length
of each channd? How should the channels be connected? If multiple, multiple-
channel devices are to be used, how should they be connected to feed lines and
exhaust? Will cooling be needed? How would you build the reactor(s)?



