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Thermal Hazards of the Vilsmeier—Haack Reaction on N,N-Dimethylaniline

Marcus Bollyn*
Chemical Process Delopment, Agfa-Geaert N.V., 2640 Mortsel, Belgium

Abstract: relative position of the following parameters: process tem-
From literature data and a preliminary calorimetric study it is perature {,,), boiling temperature of the reaction mixtuigy),
clear that the Vilsmeier—Haack reaction poses specific thermal maxiumum temperature of the synthesis reaction (MTSR),
hazards as both the Vilsmeier-Haack intermediate (1) in N,N- and the temperature with a time to maxiumum rate of 24 h
dimethylformamide (2) and the reaction mixture with N,N- (TMR24 or MaxTsx24").

dimethylaniline (3) are thermally unstable and can generate
high and fast temperature and pressures rises when heated.
Therefore alternatives were investigated for their thermal

Process temperature and boiling point can quite easily be
obtained, but MTSR should be calculated from calorimetric

hazards. The stability of Vilsmeier intermediates generated from data_,.and I\/!aisafe% values come from g(j_|abaF|c thermal
a series of other formamides was investigated. In principle the stability testing. For the readers not familiar with reaction

Vilsmeier intermediate could be generated and converted in  ca@lorimetry, the heatflow@,) is a measure for the heat
situ, thus avoiding large amounts of an unstable intermediate ~ generated by the process(es) at any time; integrating this
in the process vessel and yielding the same reaction mixture. ~ signal over the whole process yields the total process
This concept could also be applied to the other formamides  enthalpy AH). The combination of these data with other
studied, and this option was also included in the investigation.  process information allows the calculation of other param-
eters which are important for risk assessment of the process.
These comprise:
Introduction (1) MAT: Maxiumum Adiabatic Temperature is the
The Vilsmeier-Haack reactiohr® is widely used for temperature that can be achieved when all the process
formylations. It can be applied to introduce an aldehyde enthalpy is converted to temperature rise.
group on activated aromatic compounds, but many other (2) MTSR: Maxium Temperature of th&ynthesisReac-
conversions can be achieved with this technology. In generaltion is the calculated temperature that will be achieved when
N,N-dimethylformamide (DMF) and phosphorus oxychloride - the dosing is stopped at the time of a cooling failure; it is a

(POCk, 4) are used to generate the Vilsmei¢faack measure for the accumulation in a semi-batch process during
intermediate. Within Agfa this reaction is used for the the process.

production oiN,N-dimethylaminobenzaldehyde (DMAB), (3) FHR: Fraction ofHeatReleased is a measure for the
from N,N-dimethylaniline (DMA), as an intermediate for N .
accumulation of reagent at the end of the dosing.

dyes (Scheme 1). Thi . din the risk £ all
In the European Union the Seveso Il directive requires Is concept Is used In the risk assessment of all our

that the hazards of chemical processes are identified toChemical processes. In this report we discuss the results of
control the risks and avoid major incidents. One of the the study of the process for DMAB production.

common hazards of chemical reactions performed in a (semi) In this work the “Runaway index 2" and “Runaway
batchwise process is a runaway resulting in a thermal index 5" are most relevant. In Runaway index 2 the follow-
explosion. It is imperative to have the appropriate experi- ing scenario can be envisaged: when cooling fails at a
mental data to evaluate the risk of this possible event. certain stage of the process (worst case is at maximum
Reaction and adiabatic calorimetry testing are the techniquesaccumulation), the temperature will risby definition—to
used to acquire these data. the value of the MTSR, but the Ma&x24 will not be

Batch and semi-batch processes can be classified into ﬁveattained (the MaK.24 value should be 20C higher

. ; 5 .
types of runaway scenarfos(Figure 1)? depending on the than the MTSR), nor will the reaction mixture start to boil

*To whom correspondence should be addressed. E-mai: D€cause the boiling point is even higher. In “Runaway index

marcus. bollyn@agfa.com. 5” the same scenario will have other consequences: loss of
(1) Vilsmeier, A.; Haack, ABer. 1927, 119-122. . . i i
(2) Hazebroucg, GAnn. Pharm Fr.1966 793-806. cooling will trigger the temperature to rise to the MTSR
(3) Marson, C. M.; Giles, P. RSynthesis Using Vilsmeier Reagen®RC val in the meantime th 41 | ttain

Press: Boca Raton, FL, 1994. alue, but e meantime the M-&?éfez S also a a ed
(4) Gygax, R.Chem. Eng. Scil988,43, 1759-1771. or surpassed, and the decomposition can be initiated. In
(5) Stoessel, FChem. Eng. Progrest993 89, 1068-1075. general it is recommended to redesign this type of process

(6) Thematic Network on Hazard Assessment of Highly Reactive Systems, . . .
HARSNET; http://www.harsnet.de: HarsBook is a source of background OFf build several well-designed independent layers of protec-
and reference material on the subject of exothermic reaction hazards. P i H P inhihiti

(7) We prefer to use the expression Max24 rather than TMR24, because tion (prgssure relief valves or burStmg disks, inhibition or
the physical meaning is a temperature, rather than a time. quenchlng, )
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Scheme 1. General reaction scheme of the VilsmeierHaack reaction on N,N-dimethylaniline
I

C
H (o] Cl H 0.\ .0 H Cl
Y. oo T — Y
No Il _N__ ¢l _N_
H,C” “CH, o H,C” "CH, H,C” “CH,
cr- .
@ @ 0,PCl,
(1) (1)
CH H H
o B oo i o
\lf + HC H,c” GH,  hydrolysis H,C” + L No
_N_ R + —_— H CH
H,C CH, N [0}
: ot *  Hal
o,PCl, H H
+ Hol * O,PCI
@) 3 &
Temperature
'y
[ MTSR
[ MTSR | [ MISR
Runaway
v Index
1 2 3 4 5
Inherenthy | Inherenthy
safer unsafer

Figure 1. Runaway indices: classes of thermal runaway scenarios.

Literature Information Scale-Up of a Vilsmeier Formylation Reaction: Use of
There are only limited literature data on the thermal HEL Automate and Simulation Techniques for Rapid

hazards of the VilsmeierHaack reactiod:® These two and Safe Transfer to Pilot Plant from Laboratory.® In this

articles have been examined, and although the informationarticle the Vilsmeier reaction is run with DMF/PQGind

is interesting, these data were not sufficient to identify the an additional solvent at a temperature-& °C either with

hazards of a similar process. Other references on this topicor without the substrate in the reaction mixture at the time

were unavailable in the time allowed for this study.
Thermal Hazard Evaluation of Vilsmeier Reaction
with DMF and MFA. 8 In this article the authors studied

of addition. It is claimed that the best chemical results are
obtained with preformed Vilsmeier intermediate in the
solvent mixture. Calorimetric data were used to model the

the Vilsmeier reaction under specific experimental condi- reaction to support the scale-up of the process. A comparison
tions: short addition times (less than 2 min) and high dilution of the data obtained from the AutoMate and Simular was
(DMF/POCE = 24/1, MFA/POC} = 15/1 in mass ratio). also discussed. The potential for decomposition of the
Both of these parameters are outside of the range of ourreaction mixture is not mentioned.

process operations. In our opinion it is required that  The literature information presented here was not suf-
calorimetric data are obtained under conditions as close adficient to identify all the hazards associated with our process.
possible to plant conditions; the conditions mentioned are Therefore, an initial calorimetric study was performed in the
quite different from those of our process. A reaction enthalpy RC1 according to the parameters of the production process.
value of =57 kJ/mol is reported. The authors state that there This intitial study indicated that high-energy potentials were
is a high potential hazard of thermal decomposition of the involved; therefore, a more in-depth study was required to
Vilsmeier complex in the cases where this is formed without fully characterize the thermal hazards of this process.
substrate present. This can be avoided by running the proces
in a different way: mix the substrate with DMF and feed
POCk to it, and the Vilsmeier complex is consumed as soon
as it is formed.

iesults and Discussion

Our intitial objective for studying the DMAB process was
to measure the reaction heat and determine the thermal
stability of the reaction mixture at different stages to establish
the “Runaway index”. The results confirmed the findings of
previous studies in that there is a significant problem with
thermal instability. This prompted us to investigate the

(8) Miyake, A.; Suzuki, M.; Sumino, M.; lizuka, Y.; Ogawa, Drg. Process
Res. De. 2002 6, 922—925.

(9) Dyer, U.; Henderson, D.; Mitchell, M.; Tiffin, FOrg. Process Res. De
2002 6, 311-316.
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thermal hazards of potential alternative methodologies:
integration of the process stages, use of other formamides,
and a combination of both.

1. The Two-Stage DMF Process.In the standard
production process the Vilsmeier intermediate is generated
in and from DMF by dosing POgto excess. Subsequently,
this is allowed to react with a feed of DMA. The product is
then transferred to a mixture of water and sodium acetate to
hydrolyse and isolate the DMAB. This is called the two- -
stage process since there are two feed sequences. 00 500 1000 1500 2000

Reaction CalorimetryTo facilitate the interpretation and Time min]
avoid extrapolation of the results, the reaction calorimetry [TrCC1 —AT[C] —TCF [C] —OPCS|
was performed using, as far as possible, the production79ure 3. DMF + POCI; = Vilsmeier: safety parameters.
conditions (see Experimental Section). The reactor was
charged with DMF, this was cooled to the process temper-
ature, and POGlwas added to it, followed by the DMA. As
shown, an aging period was used to ensure complete reaction
This yielded results that are listed in Table 1 for the formation

Temp. [°'C]
- 18] W -9 [+ o -~
o & & 8 & © ©

o

profile was applied. The measured data are summarised in
Table 2 and illustrated in Figures 4 and 5.

Table 2. ARC results: DMF + POCl; at 5 °C

of the Vilsmeier intermediate. parameter  value comments
The graphical representation of. measureq and calculated ;\sorr 67°C temperature at which the first heat
parameters allows more in-depth interpretation of the calo- production above the sensitivity
; ; ; ; threshold is detected
rimetry information and results (Figures 2 and 3).' . T @ maxrate 173C temperature at which the maximum
It can be concluded that the rate of the reaction is fast rate of temperature rise is detected

compared to the dosing rate and generates only a moderatemaxTrate ~ 28°C/min  the rgh’:lximung| terrépe;]atli]re rtate: this value
. . . can be consiaerea a nign rate
amount of heat. The conversion is essentially complete at . 3,prae 48 bar/min  the maxiumum pressure rate; this value

the end of the dosing, and within 60 min of stirring, all heat can be considered a high rate
productlon has Ceased. MaXTsaer4 49°C this rather low value is the result of
low onset temperature and the short

) time to thermal explosion.
Table 1. Calorimetry results: DMF + POCI; at 5 °C

parameter value comments Temperature and Pressure as a Function of Time
Vilsmeier complex - M N-dimethylformamide - Hastelloy cell.

O 22 W/mol  at the start there is an interaction with the =0 ' - - 220
water present in the technical pre) N g o—— I | | | | . 1 200
grade DMF (0.3%) 160 E | | | \ 1 150

5 W/mol heatflow of the expected reaction EoT [ | N
AH —46 kJ/mol total reaction enthalpy, including the e T P yr— 1"
interaction with water which has a & 140 E Teoul M 14 9585 i i i [ 140
contribution of about-10 kJ/mol, g gop [ . - | | | I P
leaving about-36 kJ/mol for the § wh | | | | | |

Vilsmeier reaction 2t | | | 1
MAT  73°C MAT including the interaction with water, E ¥F— : —— | ] ®
MAT = 61°C for the Vilsmeier reaction e . _ 1k
MTSR  6°C indicates an addition limited process 40— I 1 ! ! : \- )
FHR 98% nearly no accumulation ol | NN S . Pt

o 'l 'l 1 Il 1 1 'l Il

]
Q 100 200 300 400 500 600 TOO  &00 800 1000 1100

Time (min)

Figure 4. ARC: T,P graph.

The sample starts to self-heat above the threshold value
from 67°C. This exotherm continues to around T@where
the temperature and pressure stalls. Around X2 there is
a rapid temperature increase accompanied by a sharp pressure
rise, comparable to an explosion. A Max:24 value of 49
————— T 0 °C is obtained after extrapolation to 1440 min and correction
o0 50 — %00 for the ¢-factor (theg-factor is the ratio of the total mass
[ e —oFeH =T et (bomb + sample) over the mass of the sample; the lower
Figure 2. DMF + POCI; = Vilsmeier: profile. the value, the better).
The Runaway index for the Vilsmeier intermediate
Adiabatic Calorimetry A sample taken from a reaction formation is illustrated in Figure 6. Although the MBste
mixture after the dosing of PO¢Cto DMF was transferred 24 value is quite low, this is still a Runaway index 2 process
to the ARC (ARC= AcceleratingRateCalorimetry) test cell because of the slow dosing, the strong feed control, and the
(usually called ARC bomb), and the “heatait—seek” low temperature rise in case of cooling failure.

Heatflow [Wimol]

Enthalpy [kJimol]

“3a8h885E 8
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Figure 6. Runaway index for the formation of the Vilsmeier [—DMA —Tset —AT [l —TeFrc]

int diate in DMF. . } .
intermediate in Figure 8. Vilsmeier + DMA safety parameters.

For the reaction calorimetry of the Vilsmeier intermediate A sample of the final reaction mixture was subjected to
with DMA, Table 3 and Figures 7 and 8 show the results the same ARC test procedure as the intermediate and yielded

Table 3. Calorimetry results: Vilsmeier intermediate + the data shown in T?‘t?'e 4 and graphed in Figures 9 and 10.
DMA at 15 = 40 °C The exothermic activity in the sample starts at 48 and
oarameter value COmments proceeds to a temperature of 300, which terminated the
test, and a pressure of 77 bar. From TZDon there is a
(o} +12 W/mol  the heatflow starts at 4 W/mol and strong pressure increase over a short period. The first
increases ta:12 W/mol after 20 min. exotherm switches to a second one around 75
AH —107 kJ/mol this value includes the phase at higher . . . .
temperature, required to finish the process A Rt_ma_way mde.x of 5.|s obtamed. for the reaction of the
MAT  112°C this high value is the result of high Vilsmeier intermediate with DMA (Figure 11).
Eii‘ff'e%'grggghna'cﬁ{ﬁggrg'ggss The combination of the high accumulation during the feed
but for a semi-batch process’ and the low onset temperature for the reaction mixture results
this is not particularly significant i i i i i
MTISR  46°C B 3070 I remse G to aceL auiation in a Runaway |nde>_< of 5. It is recommended tp avoid this
in the process can be considered type of process which therefore should be revised.
FHR 70% %S]_a hligh _Va(ljl_uet betantial 2. The One-Pot DMF Process.From both in-house
() IS also Indicates a substantial : : H :
accumulation of the energy potential experience and literature mformatibm was clear that an
of the process; alternative method of running the same process should be
the reaction is slower than the feed possible. As indicated earlier, PQGiould be added to a

mixture of DMF and DMA at the required process temper-
recorded by the RC1. This reaction profile is more complex ature. Since the reaction between DMF and PQxClast, it

as there seems to be some induction period before the heatan be assumed that the Vilsmeier intermediate is generated
production reaches a constant value. Although the heatflowin situ and could immediately react with the DMA. In this
drops substantially at the end of the dosing, after 90 min way the build-up of large amounts of the Vilsmeier inter-
and during the temperature rise from 15 to 4D there is mediate could be avoided. It is difficult to predict if this
still heatflow. Further reaction is observed, including a sharp would also result in a more thermally stable reaction mixture.
peak possibly due to crystallisation. At the final temperature To adress this issue, the calorimetric study was extended,
an aging time of 180 min is required to complete the thermal and the one-pot process was investigated. The initial condi-
conversion. It seems that 2& is too low a temperature to  tions chosen were close to those of the existing process in
maintain full control on the process via the dosing. This is that the temperature was set at 45, the temperature at
indicated by both the MTSR and FHR results. A higher which the DMA reaction is run in the two-stage process.
process temperature could avoid this accumulation, but it The reactant feed time was extended to the sum of the two
should be confirmed that this change leaves the productfeed periods because more heat generation is expected. In
quality unaffected. the following experiments an analytical grade of DMF with
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Table 4. ARC results on the reaction mixture Vilsmeier + Table 5. Calorimetry results: Vilsmeier intermediate +

DMA DMA at 15°C
parameter value comments parameter value comments
onsetT 48°C the start of the exothermic activity Q 13 W/mol initial plateau first 60 min
in the sample 21 Wimol peak value, probably due to
T@ maxrate 238 crystallization
maxT rate 4.6C/min 4 W/mol final plateau from 150 to 240 min
maxP rate 4.2bar/min AH —142 kJ/mol this corresponds to the sum of the
MaxTsa24 30C this rather low value comes from two-stage process
the low onset temperature and the MAT 165°C high value due to high reaction enthalpy
high velocity of the decomposition. and lowC, value; not relevant for a
controlled semi-batch process
MTSR 23C 8°C potential temperature rise
Temperature and Pressure as a Function of Time near end of feed period _
Reaction procuuct- Vilsmeser camples, N, N-dimethylformasmide and DMA » Titanium osll FHR 95% only small amount of accumulation
100
Feal e [— —— l B
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Figure 13. DMF, DMA + POCI; = Iminium salt: safety
Temperature parameters.

F 3

dosing for more tha 5 h there is still thermal activity
B detected. The data indicate that 73% of the total heat is
generated with only 50% of the PQCAdded, and during
the addition of the remaining 50% only 27% of the reaction
T enthalpy is released.

Since there are indications that the reaction between the
Vilsmeier intermediate and DMA requires a higher temper-
ature, additional experiments were run. The results from the
test at 28C are contained in Table 6 and Figures 14 and 15.
low water content was used to confirm that the initial The result of this experiment is nearly a copy of the
heatflow peak comes from the interaction with water, as it previous one at 18C with only a minor change in profile
is not present. The results of the first experiment are due the higher temperature.
summarized in Table 5, and the profiles are represented in  Another experiment was run at 4C, the final temper-
Figures 12 and 13. ature of the original process. The results of this experiment

The heatflow and hence the reaction enthalpy show an are again close to the previous ones (see Table 7 and Figures
unexpected profile: after an initial plateau at about 14 W/mol 16 and 17). The heatflow profile shows the same general
a peak of nearly 21 W/mol is followed by a decay and ends form, but there are apparent differences: the first plateau lasts
in a second plateau at about 4 W/mol. After the end of the longer and is more constant, and the peak appears at a later

MaxT Safe2d QN 30 |

5
Figure 11. Runaway index.
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Table 6. Calorimetry results: Vilsmeier intermediate +

Table 7. Calorimetry results: Vilsmeier intermediate +

DMA at 25 °C DMA at 40 °C
parameter value comments parameter value comments
(o} 13 W/mol initial plateau first 70 min Q 13 W/mol initial plateau first 80 min
21 W/mol peak value, probably due to 23 W/mol peak value, probably due to
crystallization crystallization
4 W/mol final plateau from 150 to 240 min 4 W/mol final plateau from 150 to 240 min
AH —146 kJd/mol this corresponds to the sum of the AH —151 kJ/mol this corresponds to the sum of the
two-stage process two-stage process
MAT 166 °C high value due to high reaction enthalpy MAT 170°C high value due to high reaction enthalpy
and lowC, value; not relevant for a and lowC, value; not relevant for a
controlled semi-batch process controlled semi-batch process
MTSR 35°C 10°C potential temperature rise MTSR 47°C 7 °C potential temperature rise
near end of feed period near end of feed period
FHR 93% only small amount of accumulation FHR 95% only small amount of accumulation
25 4 oy c 160
e F 140 E
- E F 140
20 F 120 E
P E F 120
g / E100 B E 5
£ 15 EOE F 100 £
H Fao 2 % F 80 %
/ F 2 2 E w
é ol ) Feo 2 5 Feo £
x / - b P
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54 / F 3
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o i i ; s _ _ . . Fo 04 . , . . = : . - Fo
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|—oPci3 — ar-ab putmel] — Hr [ksimol|

Figure 14. DMF, DMA + POCI; = Iminium salt: profile.
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Figure 15. DMF, DMA + POCI; = Iminium salt: safety
parameters.

point in time. Surprisingly the accumulation is nearly the
same as those in the experiments at lower temperatures.
On the basis of only the thermal information, it is difficult

to draw conclusions on the progress of the reaction. As far

[— ar-ab (Wimoll — Hr [kJimol] —OPCI3|
Figure 16. DMF, DMA + POCI3; = Iminium salt: profile.

Temp. [*C]

40
21:/

o 60
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[—oPcis —Tset —ATPC] —TCFCl]
Figure 17. DMF, DMA + POCI; = Iminium salt: safety
parameters.

Adiabatic Calorimetry A sample of the reaction mixture
with dosing at 15°C, after the required stirring time, was
transferred to the ARC cell, and the heatait—seek temp-
erature profile was applied (Table 8 and Figures 18, and 19).

It was decided to start the test at room temperature, and

as we know, there is no mechanistic information on the the results indicate that there was thermal activity at the start
progress of the reaction in case the substrate is present whenf the test. This could be due to some residual conversion.

the Vilsmeier intermediate is generafedt would be

After the first heat stage further thermal activity was detected,

interesting to have online analytical data to elucidate the but this stopped around 4€. From 42°C on the exotherm
course of the chemical conversions. This would help to leading to total decomposition of the sample started, and this
understand the thermal profile. These data could then be usedesulted in a temperature rise to 180 over 450 min and a

in reaction-modelling software to build a reaction model and Sharp pressure rise. The test was terminated by the instrument
kinetic expressions. The model could then be used to designt® avoid damage. A high residual pressure of 77 bar was

a safe and controllable proc€8salso taking into account
the decomposition under thermal stress.

(10) Bollyn, M.; Van den Bergh, A.; Wright, AChem.-Anlagen Verfahret996
29, 95-100.

observed after cooling. This indicates that noncondensable
gases are formed in the decomposition. A Max24 of 31
°C was calculated.

Figure 20 illustrates the runaway index of the one-pot
process at different temperatures. It can be questioned if the
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Table 8. ARC results of the one-pot synthesis reaction then transferred by gravity to the hydrolysis-reaction vessel

mixture 3 m lower. For over more than 500 batches there were no
parameter value comments reported incidents of unexpected temperature or pressure
_ rises, foaming, or gas formation.
onsetl 35°C the onset recorded is even lower This prompted us to further investigate the adiabatic
than in the two-stage process ! .

T@ maxrate 150C this value is lower than for the separate ~ calorimetry. A sample from the one-pot DMF process was
_ stages prepared and transferred to a Hastelloy ARC bomb and
maxTrate & C/min heated. It can be expected that Hastelloy is more resistant

maxP rate 18 bar/min eated. It can be expected that Hastelloy is more resista
maxTe24 ~ 31°C this result indicates that the to HCI attack; therefore, it was also used to study the
one-pot process is not better than Vilsmeier intermediates. The Hastelloy ARC bombs have a

the original one . . o .
9 higher weight compared to that of the titanium cells, which

results in a higheg-factor, and therefore is further from the

tfxm;‘r:t_'\’;iif:m‘:ﬂ,‘*_s“"e as a Function of Time adiabatic ideal whep = 1. To test the hypothesis that there
» is chemical interaction between the reaction mixture and the
10 . . . .
o test cell material we also decided to uder the first time—
e glass cells. These have an even highdactor and a lower
i o = pressure resistance but can be considered as chemically inert

to an acidic reaction mixture (except when HF is present).
We set the pressure limit to a lower value than that for the
metal bombs to avoid bursting these vessels.
| | The results of the test in Hastelloy bombs are shown in
QUEF_— 10 Table 9 and Figures 21 and 22. On heating, the sample shows
e T m w0 mo o aw 0 aw O a different decompostion profile: exothermic activity is not
) Time (min) observed until 90C (at 600 min test time), and this takes
Figure 18. ARC: TP graph. the temperature to about 13Q and the pressure to 66 bar
Raw Data Time to Maximum Rate after 1500 min, where further heating induces the second
Reactionpoduct - Vilanesr coples N N-dimthyfomame i i and DAA - i cl. exotherm which is terminated by the safety setting at 300
e e 1 ; e °C and 120 bar pressure. The test took about 2900 min. This
5 indicates that the decomposition is much slower and also
less violent than in the titanium test cell. For this sample,
and taking the first exotherm into account, a Migy24 value
0 of 90 °C is calculated-this value is not obtained by
© % P extrapolation but fits within the experimental measured data.
There is a remarkable difference between the results in
the titanium and Hastelloy bombs. It appears that there is
some catalytic interaction of the titanium with the reaction
mixture which starts the decomposition at lower temperature
and makes it more violent (higher pressure). The report in
the literaturé was based on titanium bombs and thus should
same MaXsa24 value would have been obtained from the be considered with care.
reaction mixtures at higher temperatures; this was not tested The results of the test in a glass bomb are presented in
experimentally. Table 10 and Figures 23 and 24. These results are comparable
The MaxXTs,24 values of the two-stage and the one-pot to and confirm the findings of the tests in Hastelloy bombs.
process are the same; hence, there is a problem of instabilityin the temperature range of 480 °C some exothermicity
of the reaction mixture. can be observed, probably due to further chemical conver-
The results from the adiabatic calorimetry are not congru- sion. From about 90C and 940 min of test time on, self-
ent with practical observations. In production the reaction heating is observed, and this takes the temperature to about
mixture is heated to 80C to produce a solution, which is  125°C and 35 bar pressure over a period of about 900 min.
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¥y s 388
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= 100
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Figure 19. MaxTsae24 graph.
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Figure 20. Runaway index of one-pot process at different temperatures.
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Table 9. Hastelloy ARC cell Table 10. Glass ARC bomb
parameter value comments parameter value comments
onsetT 85°C compared to 38C in Ti cell onsetT 93°C comparable to the test in Hastelloy
T@ maxrate  122C compared to 150C in Ti cell T@ maxrate  94C the decomposition slows down
maxT rate 0.1°C/min compared to 8C/min in Ti cell ) immediately after the start
maxP rate 0.2 bar/min  compared to 18 bar/min in Ti cell maxT rate 0.08°C/min
max Tsarl4 90°C compared to 31C in Ti cell maxP rate 0.29 bar/min o _
max Tsar24 77°C only a limited number of datapoints
are available, because the test was
Temperature and Pressure as a Function of Time terminated to protect the bomb
Reaction product - Vilimeser complex N, N-dwethylformanmide m st and DMA - Hastelloy cell
0 180
x Temgerture :ﬁ Temperature and Pressure as a Function of Time
Fressre | | I Reaction product - Vilsmeser complex N, N-dimethydformamsde in sim asd DAL » Glass cell
20 | I 120 140 A0
240 t v ' : / 120
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Flanction produet - Vilimuier complist 3,N-dissethylfcemamida in eits and DMA - Hastalloy cell Flgure 23. ARC: T,P graph.
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At this stage the test was terminated because the pressuré’gure 24. MaxTsae24 graph.
limit set for the glass bombs was reached. There is a high
residual pressure in the bomb after cooling to room temper- 3. Screening Study of FormamidesSince the alternative
ature. From this incomplete experiment a Max24 value process method (before the ARC tests in Hastelloy and glass
of 77 °C is obtained by extrapolation. The test in the glass bombs) did not yield the desired resufi more thermally
ARC bomb was also run for the reaction mixture made at stable reaction mixtureit was decided to investigate the role
25°C, and this provided the same values as for the previousof DMF in the decomposition process. A. Miyake et®al
reaction mixture (MaXsa24 of 80°C). indicated that the Vilsmeier intermediate Nimethylfor-

On the basis of these results the runaway index can bemamide 6) shows a decomposition behaviour comparable
calculated (Figure 25). to that of DMF, but no other information is available from

Temperature
F 3
[ 91 ] [ w0 |
[ MTSR [N 23 | 23 N 23 B 35
R | T
2 15°C Ti 2 15°CHC 15°C glass 25°C glass

Figure 25. Runaway index.
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the literature. A set of potentially interesting formamides was eliminated because of the practical problems encountered

selected for further testindgd-methylformamide (MFAS), with the high viscosity.
N,N-diethylformamide (DEF7), N,N-dibutylformamide (DBF, 4. The Two-Stage DEF Process he Argonaut AS3400
8), N-formylpiperidine (PIF,9), and N-formylmorfoline tests indicated that DEF could be used to run the Vilsmeier
(MOF, 10). Haack reaction on DMA, and therefore a calorimetry study
N,N-dimethylformamide (DMF) N-methylformamide (MFA) N, N-diethylformamide (DEF) was initiated.
0PN 0PN 0P NN Reaction CalorimetryThe standard conditions for the
| @ H @© Vilsmeier reaction with DMF were also applied to DEF, and
- @ this yielded the results shown in Table 11 and Figures 27
N,N-dibutylformamide (DBF)  N-formylpiperidine (PIF) N-formylmorfoline (MOF) and 28
AT PN PN ) :
o~ NK/\ o~ ’O o~ @ The heatflow shows a profile comparable to that of DMF;
o . . . .
® © (10) here also there is an additional peak due to the interaction

of the water present in the technical DEF (0.3%). It would

Before running the calorimetric tests in the RC1, the 5y heen possible to use analytical grade of DEF to avoid
Argonaut Asf3éooo Fa_rz;llerl] sy?nthesm%r was used to tEStfthethis, but the technical grade provides a more realistic sim-
Interaction o @with the formamides in two series o ulation of the final “plant” process. The reaction is fast and

four experiments. All formamides show an exothermic _ . . L : .
. . . with addition control within the parameters of this experi-
reaction on adding POg(molar ratio of 3.88 to 1), but the ment P P

X . ) o
reaction mixture of MFA became unstirrable, and 100% more Adiabatic CalorimetryA sample of the previous reaction

MFA was required to get the solids in solution and get a mixture was transferred to an ARC Hastelloy bomb and

viscous liquid. ) . '
The reaction mixtures were subjected to the standard subjected_ to the heawait~seek temperature profile (Table
12 and Figures 29 and 30).

hydrolysis process, and although the mixture could not be N .
yeroyss p g Thermal acitivity is recorded from 63C ending around

worked up in all cases, we were able to confirm with TLC . ) i
that DMAB had been formed in each reaction using the 122 °C With a sharp pressure rise to around 85 bar around
standard methodology. Samples of the final reaction were 100°C. On further heating a second exotherm starts around
screened for thermal activity on heating in the Radex 205°C, but this was terminated at 22& because the set
instrument, using Hastelloy vials. In this case we were pressure limit (130 bar) was reached. The data from the first
especially interested in the pressure profile, as shown in€xotherm were used to calculate the Max24, and this
Figure 26. yielded a value of 47C, which is close to the DMF value.
The results from this thermal screening led to the It appears that the thermal stabilities of the Vilsmeier
following conclusions: all reaction mixtures show decom- intermediates of DMF and DEF are comparable.
position with pressure build-up from around 180 in the On the basis of these results the runaway index can be
following series sequence: MOF, DMF, PIF, DEF, DBF, and calculated (Figure 31). In a semi-batch process with a long
MFA. Only DEF and DBF do not generate pressureld0 feed time this process has a Runaway index of 2. Control of
bar at 190°C, and the pressure rise is clearly slower than the dosing is essential to ensure safety.
that for the other formamides. From these results it was 5. The One-Pot DEF ProcessAs part of the systematic
decided to limit further study to DEF and DBF. MFA was study of the different combinations of process modes and

Pressure Profile in RADEX
Vilsmeier Intermediate From Different Formamides
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Figure 26. Pressure versus temperature of reaction mixture with different formamides.
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Table 11. Calorimetry results: DEF Vilsmeier intermediate Table 12. ARC results: DEF Vilsmeier intermediate
at 25°C

parameter value comments
parameter value comments
onsetT 63°C this is for the first ex_otherm,
Q 38 W/mol these peak comes from the interaction a secong exotherm is detected
20 W/mol with the water in DEF (0.3%) at>200°C
+5W/mol this s the average value of the reaction =~ T @ maxrate 138C ~ this exotherm stalls at 15
between DEF and POg lonce the maxT rate 0.46°C/min
water has reacted maxP rate 1.05 bar/min . _
AH —52 kJ/mol  this value includes the interaction max Tsae24 47°C value obtained for the first exotherm
with water
MAT 83°C
MTSR 26°C limited accumulation near end Temperature and Pressure as a Function of Time
of the feed Vilsmeier complex - N N-diethylformamide - Hastelloy cell
FHR 99% nearly complete conversion at the 210 a0
end of the dosing 20 '_|_|—'="'P*'*"" i' —
200 [ — P ressure 120
_ L f
45 55.0 O el ’.,d?' - 100 -
40 g o L @ 3
45.0 L H
35 g £
g 10k Ja 2
T 30 350 5 £ Z
£ E s “r w2
E 25 g &0 -
z 25.0 Sample Mass : 5.397 g
g 20 2 or Testecell Mass - 14 1443;' 0
s o
1 Fiso £ | S S0 1,
10 o 200 400 600 800 1000 1200 1400 1800 1800 2000 2200 2400
, [ 5.0 Time (min)
o ] | . 1 oso Figure 29. ARC: T,P graph.
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Figure 28. DEF + POCI; = Vilsmeier: safety parameters.
formamides, the one-pot process was subjected to the test
procedure.

Reaction CalorimetryThe one-pot Vilsmeier reaction [ mish QN % |
with DEF was also run in the RC1 calorimeter. To obtain
additional information on the accumulation during the dosing,
two “stop—start” sequences were incorporated. A stefart
sequence means that the dosing is halted during a certain 2
time, and hence the reaction of the reagent stops. In case9ure 31. Runaway index.
there is a fast reaction (dosing control), the heatflow will production from the interaction of POLand water, but
drop sharply and should attain the baseline shortly after theoverall the reaction profile is comparable to that of DMF.
interruption of the dosing. Once the dosing is restarted, it is In this case the peak in the heatflow is smaller. The response
expected that the reaction simply continues and the heatflowof the system to the stop of the feed indicates that there is
signal should come back to the value before the stop. If the no full feed control on the heat production. Although there
heatflow signal diminishes only slowly and/or does not fall is a substantial drop in the heatflow signal, it never reaches
to 0, then dosing control is limited and accumulation is 0 within the “stalled” period.
observed. This could, of course, be due to parallel slower Adiabatic CalorimetryA sample of the reaction mixture
reactions. was transferred to the ARC bomb, and the heedit—seek

The results of this experiment are presented in Table 13temperature profile was imposed (Table 14). The sample
and Figures 32 and 33. At the start there is additional heatshowed thermal activity from 458C and heated over a period

e BT
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Table 13. Calorimetry results: DEF Vilsmeier intermediate Table 14. ARC results: DEF Vilsmeier intermediate in Ti

+ DMA at 25 °C bomb
parameter value comments parameter value comments
Qr 23 W/mol peak value due to the interaction onsetT 45°C temperature at which the first
with water exotherm starts
13 W/mol average heatflow during first T @ max rate 157C
part of the dosing maxT rate 1.6°C/min
20 W/mol peak heatflow, due to crystallization maxP rate 1.9 bar/min
4 W/mol average heatflow during second part max Tsafe24d 44°C this indicates that there is
of the dosing thermal instability for the DEF
AH —126 kJ/mol total reaction enthalpy lower than in reaction mixture
DMF process
MAT 139°C
MTSR 32°C some accumulation near the end of the Temperature and Pressure as a Function of Time
dO_Smg (IOW heatflow) . Reemstiom produst. - Vilsmeier comples 1, N-diethylformamide in sits and DMA - Titanium cell
FHR 90% this confirms the accumulation 0 &0
180
160 ——— Freasure 1 50
25 I !
- [ 120 [ 0 Samyple Mass - 69930 5 I I I 1 a0
20 r 110 ?E 420 | Test-cell Mass : 6.7308 1 T
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Figure 33. DEF, DMA + POCI; = iminium salt: safety Temperature
parameters. »
of 220 min to 50°C. At 50 °C one heat step was applied,
e . MaxT Safe 24 44
and a second exotherm initiated, leading to a slow decom- TN ——
position with a pressure peak ef50 bar at 150C, which BN T
terminated the test. The adiabatic temperature profile yields _
a MaXTsae value of 44°C for the DEF reaction mixture
(Figures 34 and 35).
On the basis of these results the runaway index can be 2

calculated (Figure 36). The M@x.24 value is close to the ~ Figure 36. Runaway index.
MTSR, and this is a borderline case between index 2 and 5.

The same sample was also tested in an Hastelloy cell,1g 200°C and 120 bar, at which the test is terminated to
and this showed a different decompostion behaviour. Somep et the instrument (Table 15 and Figures 37 and 38.).
thermal activity below the detection of Fhe Instrument can ;s \yas the first time a difference between the results
be observed from 76C onw ards,_but a first real exotherm obtained within different materials was observed. This
starts at 95C (after 700 min test time) and takes the sample
temperature to 102C. The next heat pulse initiates another prompted us to extend the study on the DMF samples (see
exotherm which ends around 122. In the meantime, there ~ 2POV€)- _ _
is already a pressure of 50 bar. After six heat pulses, around On the basis of these new results the runaway index can
157°C a third exotherm start and takes the temperature up be recalculated (Figure 39).
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Table 15. ARC results: DEF Vilsmeier intermediate in

Hastelloy bomb

Table 16. Calorimetry results: DBF Vilsmeier intermediate
+ DMA at 25 °C

parameter value comments parameter value comments (DVD246)
onsetT 70°C other exotherms start at (o} +22 W/mol  peak region due to interaction with
96 and 108C water present (max 29 W/mol)
T@ maxrate 95C +5 W/mol flat region: expected reaction
maxT rate 0.04°C/min AH —51 kJ/mol  about-10 kJ/mol can be attributed
maxP rate 0.1 bar/min to the reaction with water
max Tsae24 91°C this is considerably higher than MAT 61°C including the interaction with water
in the titanium bomb MTSR 26°C dosing controlled reaction
FHR 99% dosing controlled reaction
Temperature and Pressure as a Function of Time
Reaction product - Vilsmeier complex ¥ N-diethylformanmide in sit and DMA - Hastelloy cell. a5 [ 55,00
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L Test-call Mass : ]-l_-l'.‘-igl | - ,, E
# 120 T EP E g //’ EZS,IIII E
g 100 L | | | | é % 15 ’ b E
;ri a0 |- | | | | | i %_ %0 | 15,00 z
g w | _ io 2 s)/ Fsa
a0 / 1 / 1 I E
20 | | i® 0 T T T " 5,00
| + | | | o B0 120 180 240
UO 500 1000 1500 2000 500 v Time [min]
Time (min) [—OPCI3 —Qr-Qb [Wimol] — Hr [kJ/mol] |
Figure 37. ARC: T,P graph. Figure 40. DBF + POCI; = Vilsmeier profile.
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Figure 38. MaxTsae24 graph.
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Figure 39. Runaway index.

In this case also we used technical DBF, and the batch used
contained 0.6% water. This causes some side reactions, but
unfortunately this off-spec was the only material available
at that time (our technical grade should hau@ 3% water).

It can be seen (see Table 16 and Figures 40 and 41) that
this reaction shows the same profile as DMF and DEF:
initially the interaction with the water, followed by a constant
heatflow of 5 W/mol which stops at the end of the feed
period.

Adiabatic Calorimetry A sample of the reaction mixture
was tested in the ARC (Hastelloy bomb) and provided the

Now there is a substantial difference between MTSR and results shown in Table 17 and Figures 42 and 43.

MaxTsa24, and this is clearly a process with Runaway index

2

6. The Two-Stage DBF Proces€BF was subjected to
the same tests as DMF and DEF. It should be noted that weTwo additional heating steps start a further exotherm, which
use the same molar ratio of reagents, but with the higher generates substantial pressure, (22 bar at°C)0The test
molecular weight of DBF this results in a larger mass.

Reaction CalorimetryThe standard calorimetry test in

the RC1 was applied to DBF and PQ@Ver 2 h at 25C.

The sample shows thermal activity on heating to around
58 °C, and this exotherm takes the temperature t0°@2
over 750 min with a limited pressure rise of around 3 bar.

was terminated at 160C when the pressure limit of 120
bar was reached (not shown in the graph). From these data
a MaxTsa24 value of 56°C was calculated.
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The combination of these experimental results yields a Table 18. Calorimetry results: Vilsmeier intermediate +

Runaway index 2.

Table 17. ARC results: DBF Vilsmeier intermediate

parameter value comments
onsetT 58°C start of a slow decomposition
T@ maxrate 59C
maxT rate 0.1°C/min this can be considered a low value
maxP rate 0.013 bar/min
max Tsar?4 56°C in same range as DMF and DEF

Temperature and Pressure as a Function of Time
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Figure 43. MaxTsa24 graph.
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Figure 44. Runaway index.

The difference in MTSR and M&8xasis large enough to
make sure that the Runaway index is indeed 2.
7. The One-Pot DBF ProcessTo complete the study, a

DMA at 40 °C
parameter value comments
O 17—22 W/mol additional heatflow due to the
interaction with water
14 W/mol average value over the first 80 min
14=5W/mol decline in heat production
+5 W/mol average value over the last
90 min of the dosing
AH —150 kdJ/mol  including about 10 kJ/mol for the
reaction with water
MAT 130°C including the effect of the
reaction with water
MTSR 43°C
FHR 97% some slow residual reaction after the
end of dosing over a period of 240 min
30 5180
E 160
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F 140
e L™
S S
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F20
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Figure 45. DBF, DMA + POCI; = iminium salt: profile.
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Figure 46. DBF, DMA + POCI; = iminium salt: safety
parameters.

potential accumulation during the feed of P@(Clable 18
and Figures 45 and 46).

The one-pot reaction in DBF exhibits the same profile as
DMF and DEF: additional heatflow at the start due to the
presence of water, then a plateau around 15 W/mol, after
50% of the feed is complete; in the second half of the dosing
the heatflow gradually drops to a value-686 W/mol. Once
the dosing is stopped, there is a small heatflow for an
additional 240 min, even at 4. Taking into account the
contrubution of the interaction with water, the total reaction
enthalpy is lower than that in DMF and DEF.

Adiabatic CalorimetryA sample of the reaction mixture

one-pot experiment with DBF was run in the RC1 instrument. was heated in a Hastelloy bomb (Table 19 and Figures 47

Reaction CalorimetrySince previous experiments indi-

and 48). During the first 720 min with a stagewise temper-

cated that the reaction is run best at higher temperature toature rise from 25 to 10%5C there is no exothermic activity

increase the reaction rate, this test was run &nd the

and no pressure generation. Above this temperature several

start-stop procedure was applied to get information on weak exotherms occur to take the temperature to 20
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and the pressure to 25 bar. On further heating, small Gonclusions

exotherms are detected in until 30Q is reached. During

From this study of the thermal behaviour of the Vils-

this period the pressure reaches 84 bar; however, the profileeie—Haack reaction the following conclusions can be

suggests that this measurement is not reliable, probably dugjyawn regarding the thermal hazards (other process hazards
to some material blocking the tubing to the pressure gre not within the scope of this discussion).

transducer. A MaXsq24 value of 91°C is obtained for the

first weak exotherm.

Reaction Calorimetry. The results from the reaction
calorimetry experiments indicate clearly thainder the

On the basis of these results the runaway index can begyperimental conditions used herthe interaction of POG

calculated (Figure 49).

Table 19
parameter value comments
onsetT 102°C start of a small exotherm; around

170°C another exotherm starts

T @ maxrate 193C
maxT rate 0.23C/min
maxP rate 0.07 bar/min

max T4 91°C calculated from the first weak exotherm

Temperature and Pressure as a Function of Time
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with the three studied formamides is fast and exhibits a
moderate exothermicity«45 £+ 5 kJ/mol). These reactions
can be considered dosing controlled, with almost no ac-
cumulation when run in semi-batch mode with sufficient feed
time (which should be adapted to the cooling capacity of
the reactor used). As a result, the MTSR is close to the
process temperature.

The reaction of the Vilsmeier intermediate with DMA is
quite exothermic£100 kJ/mol,) but relatively slow at 15
°C compared to the feed time of 2 h, which leads to a
substantial accumulation of reagent and a substantial differ-
ence between process temperature and MTSR.

The reaction profile of the one-pot process, where the
substrate DMA is already present when P®iSladded to
generate the Vilsmeier intermediate, appears to be different
from the sum of the individual processes. When DMA is
added to the Vilsmeier intermediate, the heatflow is ap-
proximately constant until the end of the feed, whereas in
the one-pot process there seems to be a changeover in the
course of the reaction around the time where 50% of BROCI
is added (and only 50% of Vilsmeier intermediate is expected
to have been formed). The total reaction enthatpg40 kJ/
mol) corresponds to the sum of the reaction enthalpy of the
individual transformations, and also the isolated yield of the
product is comparable to that in case of DMF. Formally there
is only limited accumulation at the end of the dosing (FHR
> 90%, adiabatic temperature rise 910 °C), but the stop-
start procedure indicates that at certain stages during the
dosing the process is not completely dosing controlled.

In this type of process DEF and DBF exhibit a reaction
profile and enthalpy comparable to DMF.

Further research is required to understand and explain the
reaction profile observed, but this is outside the scope of
this study.

Adiabatic Calorimetry. The first conclusion from this
study is that great care should be taken in the selection of
the test cell material. It is clear that in this case there is an
interaction between the reaction mixture and titanium which
accelerates the decomposition and lowers the onset temper-
ature. The decomposition profile itself does not indicate that
there is a catalytic effect, and the ARC tests reported in the
literature were also run in titanium cells. Only by testing
other materials did this issue become clear. This was
triggered by the discrepancy between the ARC test results
and those of practical experience. Without this observation
we would have come to a wrong Runaway index (index 5
instead of index 2).

The results of the tests conducted in inert test cells indicate
that the VilsmeierHaack reaction can be considered as
hazardous because of the high pressures associated with the
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decomposition. There are clear indications that permanentthe flask on the balance over the programmed feed period
gases are formed. at the set temperature. The reaction mixture is stirred for
The thermal stability of the Vilsmeier intermediatas a the required time at the set temperature. DMA (248 g, 1.01
solution in the corresponding formamigshows thermal mol per mol POG) is added from a separate flask on a
decomposition starting around 6@, but the profile of  second balance over the programmed feed period at the set
decomposition is different. It would be required 1o run temperature, and then the mixture is stirred for the required
additional tests under carefully controlled conditions (€.9. time at the set temperature. Calibrations and CP determina-
identical concentration and/or solvent-free sample) to be abletions are performed preprogrammed as required to obtain

to compare the results and draw unambiguous conclusions. . . . o
. . . the calorimetry data. The reaction mixture is withdrawn from
From a practical point of view, DMF and DEF have the same . .
MaxTs.24 value {48 °C), and the stability seems to be a the reactor and added to a mixture of water and sodium
’ acetate for hydrolysis and further work-up. DMAB is isolated

little better for DBF (56°C). o ! . .
Both the two-stage and the one-pot processes lead to thé)y filtration, washed with water, and dried. In general a yield

same final reaction mixture, which starts to self-heat from ©f £75% is obtained.
490 °C. All the formamides used in this process lead to a  (2) One-Pot ProcessDMF (564 g, 3.78 mol per mol
thermally unstable reaction mixturevhich generates gas and POCE) and DMA (248 g, 1.01 mol per mol POglare
hence pressure in a closed cell or vessela temperature  charged to the reactor and thermostated at the initial
of £100 °C. From a pure thermal point of view, DMF is temperature. POgI(312 g) is added from the flask on the
much more reactive than DEF, which is more reactive than balance over the programmed feed period at the set temper-
DBF. Despite the different rate and the adiabatic temperatureature, and then the mixture is stirred for the required time at
rises, for all reaction mixtures a M@x,24 value of 90°C the set temperature. Calibrations and CP determinations are
was calculated. performed preprogrammed as required to obtain the calo-
On the basis of the combination of reaction and calorim- rimetry data. The reaction mixture is withdrawn from the
etry a Runaway index of 2 is obtained for all combinations reactor and added to a mixture of water and sodium acetate

tested. At first sight the process can be considered asg,, hydrolysis and further work-up. DMAB is isolated by
acceptable. This is only because the runaway index takesfiltration washed with water. and dried

exclusively the temperature effects into account and not the

pressure generated during the decomposition. (3) Screening Experiment§he formamide (1.16 mol) is

charged to the reactor and thermostated at the initial
Experimental Section temperature (25C). POC} (0.30 mol) is added to the
Equipment. For the reaction calorimetry a Mettler Toledo reaction mixture over the programmed period (1 h). After a
RC1 with a standard APO1 reactor with anchor stirrer was stirring period, DMA is added over the programmed period
used in combination with the WinRC V7.11 (SR6) software. (1 h) and stirred for 1 h; after heating to 4G the mixture
Prominent pumps with PTFE head and PTFE tubing was is stirred for 3 h, cooled to room temperature, and hydrolysed
used for the dosing from a Mettler balance. The quickcal in a water/sodium acetate mixture. In this experiment a yield
option was used for the calibrations. Data files were exported of 6394 was recorded.
to Migrosoft Excel.97 for furthe.r calculations and_ charting. (4) For Experiments with DEF and DBR molar ratio
Adiabatic calorimetry experiments were run in an Eu-
roARC from Thermal Hazard Technology with EuroARC
software V1.1, and ARCCal (based on Origin 3.53) was used
for data processsing and charting. The following types of
test cells were used: ARCTC-Ti-LCQ (titanium), ARCTC- ) . .
HC-MCQ (Hastelloy), and ARCTC-GL-LMSQa (glass with mounted in the. gqlorlmeter and fastened. After cIo§|ng the
metal stem, in which a PTFE tubing was mounted to isolate IStrtument the initial data are entered, and the heiit—
the reaction mixture with the metal of the stem). Sensitivity S€€K temperature program is started. At the end of the test
threshold was set to 0.0Z/min). the data are transferred to the ARCCal software package,
For the screening of the chemical reactivity the Argonaut and the sample is collected as chemical waste.
AS3400 with four 250-mL reactors was used; one feed unit
was used for POGland the other for DMA. Acknowledgment
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Experiments. (1) Two-Stage ProcesBPMF (564 g, 3.78
mol per mol POG)) is charged to the reactor and thermo-
stated at the initial temperature. PQ@12 g) is added from  OP0580116

of 3.88 mol per mol POGlis used. The reaction mixture is

hydrolysed and then discarded without further work-up.
(5) ARC TestsSamples of 56 g of the reaction mixture

are transferred with a pipet to a preweighed test cell. This is
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