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I. INTRODUC TION

Chloramine NH2CI is used in the synthesis of the amine fuel~~: anh ydrous
h ydrazin e, monomethyihydrazine, and unsymmetrical dirneth ylh ycirazine .
It can be prepared in solution by the reaction

NH 3 + 0C1 -, NH2C1 + OH (1)

This is the common practice and is a key part of the Raschig hydrazine

synthesis. Preparation can also be accomplished under anhydrous conditions
in the gas phase by the reaction (Ref.  1)

2NH 3 + Cl 2 -‘ NH 2C1 + NH4C1(s ) (2)

The gas phase generation of NH 2C1 provides a possible pathway to the pro-
duction of higher concentrations oL amine fuels in the outflow stream from
the reaction

NH 2C1 + R 1R 2NH +0H -, NH2NR 1R2 +C 1  + H 2O (3)

where R 1 and R2 are  CH 3 or H. Higher concentrations of the hydrazine
NH 2NR 1R2 would have a significan t economic impact. A stud y of the gas
phase reaction 2 to pr oduc e chloramine is reported.

The objective in the work reported here was to emphasize the chemical
reactions taking place and to minimize, in so far as possible , the physical
design and problems associated with the continuous production of NH 2C1.

Most published work has been concerned with the produ ction of NH 2C1 for sub-
sequent use and , therefore, continuous , low production rate runs were used
(Refs .  I thr .ugh 5). One publication and many patents have dealt with design

I



of reactors that produc e high yields of NH2C1 and minimize the plugging of
the system by the ammonium chloride produced (Refs . 6 through 11). The
most detailed previous repor t  on the parameters affecting the yield of

was that of Sisler , Neth, Drago, and Yaney (Ref. 12).

Chioramine is formed by reaction 2 in what can be viewed as a two
step process

NH3 + Cl2 ~~ NH2C1 + HC1 (4)

NH3 + HC1 ~~ NH4C1(s ) (5)

The free energy change ~~G in reaction 4 is 2.04, 1.76, 1.48 , and 1.21 kcal/

mole at 300, 400, 500, and 600°K respectively (Refs. 13 and 14). The ~~G
of reaction 5 is -21.7, -15.0, -8.6, and -2.4 kcal/mole at 300, 400, 500 ,
and 600° K respectively (Ref. 14). Reaction 5 drives the overall process
and causes operational pr oblems becaus e of the precipitation of solid NH4C1.
The condensation of NH

4
CI is not possible under representative conditions near

600°..K. This is the reason that in most reported reactors the injectors are

maintained near this temperature. Reaction 5 also limits the upper tempera-

ture that can be achieved by the overall exothermicity of reactions to near

600° K.

Chloramine can decompose in the presence of NH 3 by the reaction

3NH 2C1 ÷ 2NH3 -. 3NH4C1(s ) + N2 (6)

Alternatively, the reactants can yield the same products by (Ref. 12)

8NH3 ÷ 3C12 -. N 2 + 6NH4C 1(s) (7)



Both of these reactions are significantly exothermic under all c onditions;

reaction 7 is onl y a combination of reactions 4, 5, and 6.

The work reported here was performed in a reac tor  wi th  a la rge
throughput to simulate pilot plant scale opera.ion . No step . w e r e  t a k e n  to
specifically reduce problems of NH4C1 buildup because the in tent ion was to
operate for periods onl y long enough to permit reaction sys tem s tab i l iza t ion
and sample recovery.  Although several other points were considered the
ratios of reactants  and the temperature of the reaction volum e were the key
variables addressed.

3
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II. EXPERIMENTAL

A. REACTOR AND REACTANT DELIVERY SYSTEM

A schematic of the apparatus is illustrated in Figur e 1. The gas flow
controlling equipment was constructed of 304 and 316 stainless steel (SS),
Viton , Teflon , polyethylene , and glass. All metal parts were maintained
with a positive , dry N2 pressur e when not in use to prevent moistur e from
enhancing the corrosive properties of the reactants . The gases were carr ied
in pol yethylene tubing to the annular glass injector.  Chlorine was delivered
through the central 1. 0 mm dia cap illary and NH 3 flowed from the annular
ring approximately 7 mm in dia . A cross-sect ion of the injector is shown
in the inset in Figure 1. The area ratio of the outer to the inner openings
was 20.

Reaction took place in a 25-mm ID zone approximately 9 cm long .
Temperatures in this zone were measured with a glass-sheathed thermo-
couple 2 . 0  cm from the injector face on the axial centerline of the reaction
zone (Tl , Figure 1). The temperature of the gas stream was monitored at
the exit from the reaction zone with another glass -encased thermocouple
(T2 , Figure 1). The reacted gas stream then flowed into a gravitational
precipitator to permit cooling and to r emove the larger NH4C1 particles.
The precipitator was a Pyrex glass resin kettle (10 cm dia , 2 1. volume).
In later experiments a Teflon baffl e was inserted in the preci pitator to
ensur e that the gases flowed in a predictable path and that little dead volume
was present.  The baffl e permitted more reproducible operation . The
reacted str eam then flowed out through a 2 .5 -cm tube containing the sampl e
port S to a turbulent water scrubber.  Sampling could be performed at the
exit from the precipitator or from points closer to ‘the injector.

Temperatures were determined using chromel -alumel (Type K)
thermocouples. They were recorded using high input impedance recorders
and an Omega electronic ice point re ference  junction or read from 
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multipoint Doric digital temperature indicator with internal  r e fe rence
compens ator . Thermocouple probes were inser ted into wells in the injecto r
to monitor temperatures  of the reactant  gases during high er tem per a ture

experiments (TA and TB)  in addition to temperatures  of the reacte d gases .

Flow ra .es  of the reactant  and diluent gases were measured by the use
of rotameters  of appropriate capaci ty .  Matheson Gas Products ro tameters
No . 603 for Cl 2, No. 604 for NH 3, and No. 603 for N 2 were  cali br ated at

the delivery pressur e of the gases using a Precision Scientific wet tes t
meter  with N2 as the calibrating gas. The flow rate  vs ball height curves
were converted to the appropriate gases using density and visc sity correc-
tions (Ref.  15). All flow rates were reported at 1 atm and 294 ° K inde penden t
of reactor  temperatures.

B. CHEMICALS

Matheson Gas Products anh ydrous ammonia and High Pu r i t y  chlorine
and Air Products Extra Dry nitrogen were used without fu r ther purification .
J . T. Baker Company Dilut-it 0. 1 N HC1 was prepared using deionized
water .

C.  SAMPLING AND ANALYSIS (Ref .  16)

A fixed volume sampler was used in all experiments (Figure 2) .  The
reservo i r  volume was evacuated with an aspirator to permit filling with
approximately 125 ml of deionized water . The sample volume was evacuated
with a mechanical pump to less than 1 To r r .  The sampler was then con-
nected  to the sample port of the reactor and the lower high vacuum valve
was opened slowl y to collect the sample. The valve was shut and the sampler
removed from the r eac tor .  The valve separating the reservoir  from the
sample volume was then opened and the water was drawn in by the dissolution
of NH 3 and NH 2C1. The water and two subsequent r inses were t r a n s f e r r e d
to a volumetric flask and made up to volume .

The NH 2C1 content of the sample was determined spect . ophotometri-
call y at 243-243 .5  nm. The extinction coeff icient  of 4 .53  ± 0 .06 x i0~

7
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Figure  2.  Glass sampler for  anal ysis of chloramine.
High vacuum Teflon stopcocks are®,
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K

cm2 /mole was in agreement with the value given by Kleinberg, et al.
I . . -4(Ref.  17). Beer s Law behavior was confirmed from I x 10 M to

3 .8  x 10 3 M for a 1-cm cell . The ammoniacal , basic solution stabilizes
chioramine and limits solution degradation of NH 2C1 to less than 2 percent
over 30-mm periods. Additional NH4C1 had no effect on the stability or ex-
tinction coeffi cient. If the NH 3 concentration is low (pH < 5), NH 2C1 can be
converted to dichloramine NHC 12 (Ref .  18). This can be detected spectro-
photometrically near 300 nm. Trichio ramine Nd 3 can form at pH < 0. 8
and would be detected at 340 nm. Neither Nd 3 or NHC12 were ever detected
in the anal ytical samples .

The NH 3 content of the sample was determined by titration of an
aliquot with 0. 1 N HC1 using bromcresol green indicato r (pH = 3. 8 - 5.4 at
end point).

D. YIELD COMPUTATION

Computation of the yield requires an assumption about the stoichiometry
of the processes occurring in the reaction . Reactions 2 and 6 are assumed
to totally describe the stoichiometry when excess ammonia is present . The
sampled gases then contain N 2, NH 3, and NH2C1. The yield can then be
computed b y determining any two components or one component and the
quantity of gas sampled when the initial molar ratio R1 of the reactants is
kn own . Ammonia and NH 2C1 are the easiest and most troubl e -free compo-
nents to determine.  The yield is then given by

/E (R. - 2.667)\
%NH 2C1 yield = I~ 1 -

‘
1.667 E ) x 100 (8)

where E is the moles NH2C1/(moles NH2 + moles NH 2C1) in the sample.
Note that  the yield from Eq. (8) is independent of the N2 content so that
diluent gases do not affect  the determination of the 

yield.9



Duplicate anal yses on samples collected simultaneously indicated a
combined sampling and anal ytical reproducibili ty of approximately ± 3

percent  of the value of the yield.

E. DESCRIPTION OF AN EXPERIMENTAL RUN

The samplers were prepared and all lines of the reactor system were

purged with N 2 . If the gases and reactor were to be heated , the heaters
were  adjusted to the appropriate temperature with N 2 flowing. The flow
rate of Cl 2 was set by switching to Cl 2, then back to N2 . After the Cl 2 was

purged f rom the system, the NH 3 flow rate  was set .  If N2 was to be used ,

thi s flow rate was set. The reaction was ini tiated by switching Cl2
flow line from N 2 to Cl 2 and starting timers and recorders . The key
temperatur e, T i  in ambient temperature runs or T2 in heated run s , was

followed. When this temperature became stabl e, sampling was delayed

until the volume of the precipitator had been swept past the sampling port.
The sample valve was then opened slowl y to pr event flow perturbations.
The time required to withdraw a sample was approximately 30 sec . After

the sample had been collected, the reactor was shut down immediately by
returnin g all lines to N 2 purge. A second run could be performed by clean-

ing the injector ti p and the reaction zone of all NH4C1 and reinitiating the

experimental procedure.

10
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H
Ill. RESULTS

The experiments performed fall into two groups: (1 )  characterization
of the reactor and miscellaneous experiments and (2)  the effects of reactant
ratios , diluent gases, and temperature of the reactant  zone and of the
reactant gases.  A summary of all acceptable experiments is given in the
Appendix. The reaction is sensitive to both reactor configuration and to
adjustable par ameters . Therefore , the reactor design will produc e charac-
teristic yields under conditions that might produc e different yields in another
reactor . Furthermore, the intention wa~ to determine trends as a function
of various parameters . If a high yield were always observed then these
trends could not be established . These parameters were varied under con-
ditions that appr oximated a production process , that is , high through put
rate s with respect to physical dimension . For example , the ratio of the
chlorine flow rate to the reaction section diameter (25 mm) was 4 to 50

time s that used by Sisler and coworkers (Refs . 1, 6 , 12). These conditions
resulted in lower yields.

A.  CHARACTERIZATION OF THE REACTOR

The ratio of NH 3 to Cl 2 was chosen as 8: 1 and the injector and reactor
were at room temperature for the reactor characterization. The tempera-
ture of Ti , Figure 1, was us ed as the main monitoring parameter  during an
experiment. Various temperature profiles and si gnificant events are illu-
strated in Figure 3. A typical acceptable experiment is shown by curve I.
Sampling was always performed from the produc t gas stream that had been
formed during the “steady s tate ” portion of the temperatur e profile extending
from A to approximately C. Sampling was performed as illustrated by the
sampling per iod B, B! which sampled gases reacted during A , Al. The

change in temperature was limited to 50 ° C during a sampling period for a
run to have been acceptable and the mean temperatures are reported. Usually

temperature variations were less than 30 deg.

11
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Figure 3. Characteristic temperature profiles for an experiment.
Curv e I is typical of an acceptable experiment. Curve
II indicates plugging of the reactor,  Curve III indicates
a stable flame (see text ) has ignited . Curve IV continues
to much higher temperatures. Timing diagram at the
bottom of the fi gure: 0, reaction begins (gases switched
on at time 0); A to A !, sampling period when sampler
is actuated from B to BI; C, gases shut off,
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Figure 3 illustrates other temperature profiles that were observed.
Curve II is characteristic of early plugging of the Cl

2 jet and termination
of the reaction . This behavior was most often observed when the Cl

2 
flow

was low so that reaction took place within the o rifice. Curve III illustrates
a characteristic transition to a flame . When the temperature exceeded

approximately 310°C, emission of light from the reaction zone was observed.
The flame was white to yellow-orange in colo r and was diffuse with few

striations. It was similar to a low pressure flame in a fast  flow tube. No
central core or cone was detected. This transition to the higher temperature
regime could occur at any time during an experiment, but it was generally
associated with a flow per turbation . Although sampling was performed after
the 2 1. precipitator , the opening of the sampler valve could cause the flame
condition if the valve was opened too rapidly. Sampling from the reactor
region was not possible becaus e of the flow perturbation that it caused.

The reactor normall y ran smoothly, maintaining a relatively constant
temperature at TI  until sufficient NH4C1 had been accumulated to plug the
system. In all room temperature run s a cone of glassy NH 4C1 was formed
from the injector face around the Cl 2 inlet to the temperature probe TI  by
the end of an experimental run . If the r eactor was not shut-off , the tempera-
ture would climb steeply to gr ’~ate r than 600 °C (the Pyrex thermocouple
probe would melt).  This is shown by curve IV in Figure 3. This indicates

that under certain conditions reactions other than those shown in Eqs . (4),
(5), and (6) dominate the system. Iii any event , a flame signaled near zero

yields of NH 2C1 and data from these runs are not included in thi s report .

The flow rate of Cl 2 at constan t NH 3 to Cl 2 ratio of 8 was varied to

determine if an optimum flow condi tion existed for the reactor . The

acceptable experiment criteria of no flame , relatively flat temperature
profile, and a sample only from this flat profile region were used. Figure 4a

shows the results of these experiments. The reactor was difficult to operate
below 0. 3 1/rn Cl 2 because it tended to plug or , if it did not plug, a flame

13
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to the Cl 2 stream per mole of Cl 2 .
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tended to occur. Plugging was caused by the reaction occurring at a high

enough ra te to move counter to the gas flow toward the surface of the injector.
Sampling from th ese low flow runs oft en caused sufficient flow perturbation
to cause ignition of a flame. Although high flows ran smoothly, the yields
were low. The high flow rates also tended to build up NH4C1 more quickly
and resulted in earlier termination of the runs .  Flow rates of 0 .4  and
0. 5 1/rn gave the highest yields and were the easiest flows to manipulate .
The average y ield of NH 2C1 at a reactant ratio of 8 was 38 ± 10 percent at
0.4 1/rn and 44 ± 7 percent at 0. 5 l/m or 42 ± 7 percent for both 0. 4 and
0. 5 1/rn . All subsequent tests at all conditions were performed at flow
rates of 0.4 or 0 .5  l/m of Cl 2.

The da ta for the 8:1 exper iments at an initial temperatur e of 24 °C ,
including several experiments with added N

2 diluent in the Cl2 stream , are
plotted in Figure 4b as a function of the temperature at T i .  These data

* contain experiments at differing Cl2 
flow rates but a correlation of higher

yields with lower observed temperatures is apparent. The same phenomena

was observed under all experimental conditions where the temperatures

of the reacted gas stream varied signif icantly.

Several experiments were performed at higher NH
3 
to Cl

2 ratios to

verify the trend in y ield reported b y others (Refs . 1, 6 through 12). These

experiments were found to be difficult to execute because the Cl 2 line tended
to plug, temperature profiles were erratic , and a flame tended to ignite.
Those runs that did appear to be acceptabl e gave higher yields at a reactant
ratio of 20 than at 8. Three acceptabl e runs at a ratio of 20, no added N2,
and room temperature initially, gave yields of 71 , 106, and 97 percent for
an average of 91 ± 18 percent .

The precipitator , the Teflon divider (in the later experiments ), and
the tubing and samplers were all glass or Teflon and near room temperature.
Both clean gla ss surfa ces and surfaces coated with NH 4CI. as well as Teflon
surfaces , were presented to the reacted gases. Stability of NH2CI in contact

15



with these surfaces at room temperature was in question , based upon some
assumptions and the report b y Prakash and Sisler that walls were maintained
above 50 °C to prevent decomposition (Ref . 6). This repor t  was in con tr a-
diction to a previous stud y by Sisler , et al. (Ref.  12) that decomposition is
undetectable above about 10 °C for long glass bead-packed columns. From
the anal ytical studies (Ref .  16), it was shown that NH 2C1 decreases at a

rate of less than 0. 5 percen t of its concentration per minute in 500 cc glass
sample bulbs . 

-

~ Fur thermore, examination of da ta with vary ing flow rate s
and residence times in the reactor  indicate that  no heterogeneous decom-

position of NH 2C1 at room temperature was detectable.

A test  of contact with 304 SS tubing was perfo rmed at 8 NH 3: 1 N 2 : 1 Cl2.
Samples were taken simultaneously with a sampler attached to a glass “T”
at S and with another connected at the “T” through 3 m of 0. 5 cm ID , 304 SS
tubing, all at room temperature .  The measured yield was 65 percent in the
al l -glass sample line and 68 percen t  after the stainless steel tubing. *

B. EFFEC TS OF REACTANT RATIOS, DILUENT GASES.
AND TEMPERATURE

The data for experiments with NH 3 to Cl 2 ratios of 8, 6, 5, and 4 are
summarized in Tables 1 through 4. These are averages and contain reactant
temperature dependences imbedded in the yield data . This explains , in
part , the ranges of yields observed. The trend at all ratios is for diluent
gas to increase  the yield. Addition of one part  nitrogen to one Cl2 drarn a ti-
cally increased the yields , even at the relatively hi gh ratio of 8 NH 3 to I Cl2.
Addition of more N2 had a lesser effect; there appears to be a limit to the
ef f icacy  of adding diluent gas. These effec ts  were more dramatic at lower

NH 3 to Cl 2 ra t ios .  Adding one part N 2 to Cl 2 at a reactant ratio of 8 increasd
the yield b y approximately 40 percen t but adding six parts increased the y ield
by onl y 60 percent .  At a reactant  ratio of 4. one part N 2 increased the yield
by 130 percent and 3 .4  parts N2 increased it 215 percent (at 24 C).

If reproducibi l i ty  of the anal ysis and samplin g is considered, the effect
could not be detected in 15 minutes .
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Table 1. Summary of Chloramine Yields a NH /Cl 2 = 8,

___________ 
Cl 2 Flow rate = 0.4 or 0 .5  1/mm

Ratio InitialN 2 /C12 Temperature No. of Yield Range Comments
Cl2 = 1  cc Runs % %

0 24 6 4 2 ± 7  31-53
280 1 44
All 7 42 ± 7 31-53

1.1 + 1.3 24 7 56 ± 1! 38-68 combined N2 flows
6 59 ± 8 47-68 delete 38% run

191 1 66
240 2 62 ± 11 56-67 N2 in Cl2 and NH3
All 9 60 ± 8 47-68 delete 38% run

6. 4 24 1 69
8. 4 24 1 82

aThe averages and the standard deviations are given when more than two
experiments were performed. When two experiments were performed,
the uncertainty is given as the difference between the two values. No
uncertainty is given if only one experiment was performed or two experi-
ments gave the same value . This applies to Tables 1-5.

Tabl e 2. Summary of Chioramine Yields NH 3/Cl 2 6 ,
Cl 2 Flow rate = 0.5 1/mm

Ratio Initial
N
2/C12 Temperature No. of Yield Range Comments

Cl2 = 1  cc Runs %

0 24 1 17
220 1 47

1.1 24 3 5 8±  12 49-72

2 . 2  24 2 5 8 ±  13 51-64
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Tabl e 3. Summary of Chioramine Yields NH 3/Cl 2 = 5,
Cl 2 Flow rate = 0. 5 J /min

Ratio Initial No . of Yield RangeN2/Cl2 Temperature Comments
Cl2 = i °c Runs %

0 24 2 2 0 ± 6  17-23
230 1 19

1.1  24 3 4 8 ±  10 38-61
220 1 47

2 . 2  24 2 5 9 ± 5  56-61

3. 4 24 3 5 8 ± 8  48-63
6 .7  24 1 67

Tabl e 4. Summar y of Chioramin e Yields NH 3/C12 = 4,
Cl 2 Flow rate = 0.5  1/m m

Ratio Initial No. of Yield RangeN 2 /dl 2 Temperature Comments
Cl 2 = l  cc Runs

0 24 1 15
220 1 22
270 1 20

1 .1 24 1 29
190 4 46 ± 3 45-50 N2 in Cl

2 and NH 3220 1 48
2 .2  24 1 61

270 1 60
3.4  24 2 63 ± 2 62-64

190 7 88 ± 9 78- 102 N2 in Cl 2 and NH3
5.6 24 1 68

- -j
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The effect  of decreasing the NH 3 relative to Cl 2 is not clear.  Hi gh
NH 3 ratio s , increased the yield of NH 2C1, within the limits of the reacto r
operation, e , g . ,  20 NH 3 to Cl2 gave yields near 100 percent .  When the
ra tio wa s dec r eased , the yields tended to become constan t with no diluent
gas for experiments at 24°C. Th e yield of NH

2C1 was 18 ± 3 percent for all
runs at 24 deg for reactant ratios of 4, 5, and 6 with no diluent. With the

exception of one experiment at an initial temperatur e of 220 deg with a NH
3

to Cl
2 
ratio of 6, the yield from experiments with no diluent at all tempera-

tures was 19 ± 3 percent at these three low reactant ratios.

The effect  of temperature is bo th interest ing and puz zling . Two
temperatures are recorded, the temperature of the reaction zone initially
(that listed in Tables 1 through 4) and the temperature at T i  or T2 measured
during the flat portion of the temperature profile . Figures 4b and 5a , b
show the correlation between the reaction temperature and the yield.
Although the data are  scattered, the yields were generally higher at lower
temperatures.  All three figures show a transition from lower to higher
yields near 260 deg . Although the lower temperatures  were general ly asso-
ciated with the addition of diluent gas , Figure 4b shows a similar dependence
when no diluent was added .

The initial temperature of the reaction zone had little e f fec t  on the
reaction temperature as measured at TI  or T2 and , with som e exc eptions ,
had little ef fec t  on the yields . At higher initial temperatures  the reactor
was easier to operate because the heated reaction zone did not foul with
NH4C1. At initial temperatures of 220 ° C and above , the reaction zone and
the injector remained clean and the reactor could be operated continuousl’,
unt i l  the exit area into the precipitator  plugged. The reaction zone did
accumulate NH 4C1 s lowly at an initial temperature of 190 ° C.

Tabl e 1 shows that experiments with the reaction zone heated to 240
and 280 °C are  indistinguishable from those with a 24 °C initial reaction zone
temperature .  The one experiment at 220 °C initial temperature at a reactant
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rati o of 6 with no diluent was exceptional (Table 2) . This y ield was high ‘.‘~hen
compared to other reac tant  ratio s and a review of the data showed no r e ason
to suspect the experiment.  The use of an elevated initial t empera tu re  at a
reactan t ratio of 5 (Table 3) resulted in no apparent change in the NH 2C1
yields.  Changes in the yield as a function of temperature  were observed at
a reactant  ratio of 4 (Table 4). The y ield of NH 2C1 was the same at 24 , 220 ,
and 270 C with no diluent gas . When 1. 1 parts  N 2 per Cl 2 were  added , an

increase  in the yield was detectable at 190 and 220 deg although at 2 . 2  N2 /C12
the yield was the same at 24 and 270 deg. The experiments with 3. 4 N 2 /Cl 2
sh owed inc r ea sed yields at 190 deg when compared to the experiments at
24 deg initial temperatures .  The data for  a reactan t ratio of 4 and diluent
gas suggest an optimum initial temperature of 190 to 240 deg.

The data summarized in Tables 1 and 4 and plotted in Figure Sb include
experiments with the diluent gas added both to the NH 3 st ream and to th e

Cl 2 s t ream . Tabl e 5 shows that dilution of either the NH 3 or the Cl 2 s t ream

has the same effect  on the yields, with the possible exception of the data at
NH 3 /C12 of 4 with 3. 4 N2 /C12 at 190 deg. Experiments tes t ing  the effect  of
addition of diluent gas to either reactant stream were performed under con-
ditions where yields w er e found to be most re producible and experiments

mos t convenient . The yield of NH 2CI at NH 3/C 12 of 8 was lower when the
diluent was placed in the Cl 2 s tream than in the NH 3 s t ream but bo th yields
were within the standar d deviation of all exper iments  with similar ra t ios at

all temper a tures .  No difference in the y ie ld was detectable at  a reac tant
rati o of 4 with 1. 1 N 2 /Cl 2 when the diluent was added to the d i f fe ren t  r eac tan t
s t reams .

The experiments pe rformed at 190 deg with a reactant  ratio of 4 and
3. 4 N 2 /Cl 2 show a di f ference  in yield when the diluent was added to the dif-
f e ren t  reactan t s t reams.  Five experiments were per formed with the N 2
added to the Cl 2 stream . The f i r s t  experiment  per formed gave a si gnificantly
lower y ield than the other four (experiment  60 . Appe.idix). Deletion of this

2 1
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experiment gave an average yield of 95 ± 5 percent with the diluent in the
Cl 2 str eam , whereas two experiments with N2 in the NH 3 stream gave a
yield of 79 ± 2 percent .  If a yield of 95 percent with N2 in the Cl 2 stream
is used for the temperature comparison in the previous discussion instead
of the average of all 190 deg experiments, the yields at 190 deg are even
more dramatically different from those at 24 deg .
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IV. DISC USSION

L The expe riments reported here confi rm and extend previously reported
observations. The reactor was designed to accentuate reaction parameters
rathe r than optimize them and to provide data f rom a reacto r of minimal
size in relation to the flow rates. The data show that the cross-sectional
area of the reaction zone in the reactor in relation to the Cl2 flow is too
small for  optimum yields but that the necessary  increase for  optimization is
not expected to be more than a factor of two or three.

- The effect of diluent gas on the yield of NH 2C1 was demonstrated to be
dramatic at low ratios of NH 3 to Cl 2 in agreement with Prakash and Sisler
(Ref .  6) . Large quantities of diluent are not necessary  to produce high yields
and the amount of gas necessary is dependent on the reactant ratio and prob-
abl y on the conditions in the reacto r (temperature and pressure)  and the
reacto r design . The data reported here and from Reference 6 indicate that
the mole ratio (NH 3 + N2 )/ Cl 2 need not be much larger than six or seven
for near  quantitative yields. The data indicate that the effect  of diluent gas
addition does not depend on the reactan t stream to which it is added except
in the case of a reactant ratio of 4 at an optimum temperature.  This one con-
dition may have resulted f rom optimum velocity conditions because the reac-
tant velocit ies varied with temperature althoug h the mass flow rates were the
same under all conditions. Comparison of data at different  reactant ratios
with and without diluent shows that adding N2 is mo re effective in increasing
the yield than increasing the amount of NH 3 by an equivalent molar amount.
Thi s indicates that the role of the 4iluent is not 

~~~y that of a coolant or
thermal  moderato r (N 2 is slightl y more than half as effe ctive at accepting
heat as NH 3 ) (Ref .  14), but that the diluent affects the kinetics of the reac-
tions taking place .
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Chloramine was found to be relatively stable near room tempe rature in
the presence of NH3 and solid NH4C1. The decomposition could barely be
detected after 15 mm in the glass sampling bulbs nor could any correlation
be detected between flow rate through the reactor and precipitato r (as opposed
to flow from the reactants injector) and the yield. These observations are in
agreement with Sisler ’s earlier work (Ref. 12) but do not confirm his late r
observation of the necessity to warm the precipitator sections of the reactor

(Ref. 6). It does not appear necessary to warm the precipitator sections of
a reactor to prevent NH2C1 decomposition although NH4C1 precipitation may
be affected by wall and gas temperature. Neither the lite rature nor the work
reported here indicate that NH2C1 is particularly unstable from 24 deg to at
least 100° C in the presence of NH3.

The temperatures of the reactant stream hav e not previously been
reported and only room tempe rature and temperatures greater than that at
which NH4C]. can form have been used in the reactor region . Experiments
were perfo rmed with the reaction zone and reactant gases initially at 24 ,
190 ± 5, 230 ± 10, and 270 ± 10°C. The temperature of the reacted gas
stream did not correlate with the heating of the reacto r in any direct fashion.

With the exception of expe riments performed at a reactant rati o of 4
with diluent gases , the yield of NH2CI was found to be independent of the
initial temperature of the reaction zone and reactant gases. This is not
unexpected because high yields have previously been reported at room tem-
perature (Ref. 12) and at more than 300 °C (Ref. 6). The experiments showed
that it is possible to prevent sign ificant buildup of NH4C1 at temperatures
lower than the 320 °C predicted purely from thermodyn amic calculations on
NH4C1. The reaction zone and injectors remained free of NH4C1 buildup at
all initial temperatures greate r than approximately 220 °C. The failure to
accumulate NH4CI was probabl y the result of the maximum decomposition
pressure of NH4C1 bein g greater  than the NH4C1 available and of the rate s of
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par t ic le  nucleation being comparable to flow times through the hot reactor

section. The high yields at 190 deg with reactant ratios of 4 in the presence

of a diluent gas were most probably the result  of a combination of both physi-

cal and chemical dynamic factors.

The downstream temperature exhibited fou r different conditions. The

most definitive data were those collected at an ambient initial temperature

because of the location of the temperature probe , although three of the four

conditions were also observable with the probe located downstream of the

heated r eaction zone. Figures 4b and 5 show two of the conditions observed.

At temperatures  of approximately 260 °C and lower , the yield of NH 2C1 was

highest .  In the temperature region from approximatel y 260 to 310 deg the

yield roughly increased with decreasing temperature. Near 310 deg, the

sublimation temperature of NH4CI , the yield was low and the reactions ran

smoothly and isothermally; an emission of light was observed. In certain in-

s tances where a flame was observed, the temperature continued to increase

rapidly to values in excess of 600 ° C.

To exp lain the observations, a consistent me chanism for the reactions

is necessary. Both homogeneous and heterogeneous processes can be impor-

tant and must be invoked to exp lain the observations f rom the reacto r and

the mild instability of NH 2 CI in the sampler bulbs. The temperature  effects

reported here and the high yield s above 300 deg observed by others must  be

rationalized as well as the origin of the light emission (flame) .  Diluent

gas effects and the observed diffe rences between diluents and simply adding

more NH 3 must also be included in the mechanism. Suggesting a mechanism

is difficult because of the lack of basic kinetic information available on

chlorine molecule and atom reactions with NH 3 and ammonia-derived species.

A possible reaction is the direct reaction between the molecular

reactants

NH3 + Cl2 -‘ NH2C1 + HC1 (4)
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This possibility is rejected because bimolecula r reactions between stable
species are extremely improbable in the gas phase and require high entropy
content transition states. Note that the second step, reaction 5, to produce
NH4CI is deleted. The reaction is not part  of the key pathway although it may
drive inte rmediate equilibrium steps. High yields are observed under condi-
tions whe re no NH4C1 can fo rm and it is deleted as a homogeneous reaction
species below.

Reactions involving halogen molecules almost exclusively take place
by halogen atom reactions in the gas phase . Chloramine can be formed
homogeneously by initiating a chain reaction with

Cl
2 ~ 

2C1. (AG 300 = 50. 2, AG 500 = 44.9)  (9)

The Cl atoms may be formed by photolysis , heterogeneous reaction, or
thermal equilibrium reactions; the Cl atom concentration in a one atmosphe re
gas stream at 400°C is 3. 5 X j~~12 atoms/cc at equilibrium. The free ener-
gies are given in kcal/mole (Ref. 14). Afte r initiation, NH2C1 and HC1 are
the products of the chain propagation steps

Cl + NH 3
-. HC1 + -N H

2 (AG 300 = -1.6, AG500 = -2 .8)  ( 10)

‘NH 2 + Cl2
-. NH2C1 + . Cl (~AG 300 = 3.7 , AG5~ 0 = 4 .3 )  ( 11)

Reaction 11 requires that NH
2 
exceed Cl in concentration by more than 100

from the principle of detailed balance. Reaction 10 is dr iven by the removal
of HC1 from the system as NH4C1 at lower temperatures. Under approp riate
conditions, e.g. , temperatures lowe r than approximately 320°C and good gas
mixing, the Cl and NH2 concentrations will be very low and the chain lengths
(the number of reaction 10, 11 cycle s per Cl atom initially generated) will be
long. Reactions that limit chain length reduce the yield.
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2 NH
2 

-. NH3 + :NH (AG 300 = -9 .0 , AG 500 -8. 3) (12)

NH2 + ~Cl -. :NH + HC1 (AG 300 = -10.7 , ~~G500 = -11 .1)  (13)

:NH + ~Cl—.’N + HCl (~~G300 = - 18.6, AG 500 = -18.3) (14)

2 :NH -‘ N + . NH2 (AG 300 = -7. 9, AG500 = —7. 2) (15)

2’N ~~ N~ (AG 300 = -218, ~ G~00 = -212)  ( 16)

NH
2 + Cl ~~ NH2C1 (AG

300 = -46. 5, AG 500 = -40. 6) (17)

• Reaction sequence 12 through 16 limits the chain length and explains the flame
that is observed under low yield conditions. Each step is significantly exo-
ergic and the combined process is reaction 7 when prope r stoichiometry is

11.86applied. Reaction 12 (k = 10 cc/mol-sec) (Ref. 19) and even reaction 16
(k = 10 11. ~ at M = 1 atm ) (Ref. 20) are fast reactions under the conditions of
the experiments. Others in this series should be equally fast. The emission
of light is from reaction 16, the weak Lewis-Rayleigh afterglow (Ref. 20). It
is evident that as the radical or atom concentration begins to increase, the
tempe rature will increase and the reaction rates will increase in a charac-

teristic thermal runaway. Reaction 17 will be improbable at high temperature

and it must compete with more probable metathetical reactions. However,

the reverse reaction of 17 will become an additional initiation step causing the

loss of any NH
2
C1 that is formed at high temperature.

Reactions involving NH
2C1 and radicals or atoms have not been included

in the scheme but they should occur.
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NH2C1 -~- .~~l -. .NHC1 + HC1 (18)

NH2C1 + :NH -
~ ‘NHC l +.NH2 (19)

These seem to be reasonable reactions but NH2C1 is a lesser component and

neithe r NHC12 nor Nd 3 were observed in our expe riments.+ If NHC1 radical s

were formed, the reaction

NHC1 + Cl2 NHC12 + Cl (20)

would appear to be reasonable. Reactions such as

:NH + NH3 
-, H2NNH2 (21)

were not considered because active nitrogen reactions have shown these to be

minor pathways (Ref. 20). It might be expected , however , that hydrazine and

hydrogen would be detected in trace quantities if the proposed mechanism is

correct.

It is apparent how the proposed mechanism results in extremely high
temperatures. In the experiments where a plateau at 310 deg is observed,

the tempe rature is maintained by the NH4C1 condensation reaction. As more

heat is placed in the system by reactions 12 through 16, NH4C1 solid decom-

poses to NH3 and HC1. When these reactions are moderated, condensation

of NH4C1 increases the temperature. Higher concentrations of radicals can

eventually overcome thi s moderation process and thermal runaway results.

These conditions will be sensitive to gas flows and mixing in the reactor.

Thus, identical temperature conditions can result in high or low yields

•1•Under significantly different conditions of limiting NH3 in some liquid phase
injection experiments, NHC 12 was observed .
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depending on slight pressure  (flow) variations because of radical and atom
dens i ty  changes. It should also be emphasized that the downstream tem-
perature s repo rted in the data are 2 cm or greate r f rom the injector and
most probabl y reflect not the reaction temperature , which may have been
higher , but the tempe rature of a partially cooled gas stream .

The observed increase in yield with decreasing temperature s below
310 deg would result from a decrease in radical concentrations at lower tern-

perature s and therefore longer chain lengths.  Lower tempe rature s would
tend to slow reaction s 9 through 15 and enhance reaction 17 thus promoting
hig her yields. At some tempe rature , c . g. , app roximately 260 deg in the
experimental  reacto r , reactions 12 through 16 become less s ignif icant . The
r eason y ie lds are n ot near 100 pe rcent may be that the reacting gases have
experienced less favorable  conditions upstream. An alte rnat ive  explanation
is that hot NH 4C1 sur faces  are par t icular ly effective in decomposing NH 2C1.
Th is explanation, coupled only with reaction s 9, 10, 11 , and 17 would exp lain
most of the observations, except the emission of light and the effects of

diluent gases.

Considering the proposed mechanism and the operation of a flowing
reacto r, diluent gas serves three purposes in the reaction scheme . Added
gas serves as an inert coolant to partially assist in absorption of heat.
Diluents inc rease the volume of the gas , thus decreasing the residence time
of the reacted gases in the hot re action zone . These two funct ions are  also
performed by excess NH 3. The most important function of the ine r t  diluent
in an isobaric flow tube reactor is to decrease  the concentrat ion of all
reactants. Additional NH 3 in the reacting gases will  increase  the rate of
reaction 10, whereas , an inert  diluent would slow thi s process and react ion 11 ,
as well as greatly decreasing the rate of the bimolecula r radical or atom
reactions , 12 through 15.

31

p — — 
—

-— —



The data and the proposed mechanism indicate that an optimum reaction
system can be constructed using ratios of NH 3 to Cl 2 of four or less. A
diluent gas must be added and it will be more effective than increasing the
NH 3 to Cl 2 ratio by an equivalent amount. A high temperature reacto r sec-
tion enclosing the injectors is required to prevent NH4C1 buildup in this
region but temperatures of less than 300 deg will be sufficient.  Variation of
this temperature ove r some range will probably not affect the yield but it
may be important to the particle size of the NH4CI that is fo rmed downstream.
The reactants should be mixed smoothly with steps taken to prevent  areas of
high temperature or conditions that will gene rate high radical concentrations.
The diluent should be added to the Cl

2 
stream because the h i.ghest yields were

observed in this configuration under optimum cond itions of temperatu re , gas
composition , and flow rate . Under these condition s, the diluent diffusion

and mixing with the NH 3 probabl y coupled with the reaction rate s in an
optimum fashion. The dimensions of the hot reacto r section should be such
that the reactants and p roducts move through it as rapidly as possible with
complete reaction. Back diffusion of products must be restr ic ted to prevent
decomposition . The exit f rom the hot reacto r zone into the precipitator should
provide rapid cooling to less than 260°C. Again the shape of the exi t area may
be important  to the charac te r i s t i cs  of the condensed NH4C1. The NH 4C1 re-
moval equipment and the flow lines do not appear to need to be heated so long
as the surfaces are passivated (glass walls appear acceptable without passi-

vation ) and the residence time to the NH
2
C1 use point is less than 15 m m .
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V. SUMMARY AND CONCLUSIONS

The production of chioramine NH 2C1 by the reaction of NH 3 with Cl2 has
been studied. The ratio of reactants NH 3/Cl2, the addition of diluent gas to
both reactant streams, and the temperature of the reactant gases and the
reaction zone were the parameters  varied . The observables were the yield
of NH 2C1 and the temperature in or immediately downstream from the
reaction zone. The reacto r was designed to emphasize the results of the
paramete rization and not to produce maximum yields.

The temperature of the reacted gases showed a rough correlation with
y ield. Highest y ield s we re observed when the reacted gases were 260°C or
lower , no matte r what the reactor temperature was initially. As these gases
became hotte r , the yield decreased until near zero yield s were obse rved at
310 deg. Under some conditions, a flame was observed and the temperature
increased to over 600 deg. Little dependence of yield upon the temperature
of the reactant  gases and the reacto r section was observed except under one
set of conditions. The yield was the same at most react ant ratio s and levels
of diluent gases at reactant and reaction zone temperatures of 24, 190, 220,
and 270 °C. The exception was at NH 3 /N 2 /Cl 2 ratio of 4/3.  4/ 1 (N

2 in Cl
2

s t ream)  and a temperature of 190 °C. Yield s in excess of 90 percent we re
observed under these conditions , whereas, y ields of app roximately 60 per-
cent were observed at othe r temperatures.  It was observed that NH4C1
accumulation in the reacto r zone during  the course of an expe riment ceased
at temperature s greate r than 220 °C. No buildup at all was observed at 260°C
or above.

The addition of a diluent was found to be more effective than inc reasing
the NH 3 b y an equivalent amount . Thus, yields at NH 3/N 2/C12 of 413.4/ 1
wer~ higher than yields at 8/0/1. Diluent gas permitted low reactant ratios

to be used. Under the optimum conditions of tempe rature identified above ,
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the addition of N2 to the NH3 stream produced lower yields than when it was

added to the Cl 2 stream. Yield s were not dependent on the stream to which

the N2 was added under all other conditions.

A homogeneous gas phase reaction mechanism can be proposed that
agrees with the observations made and lite rature data. Although heteroge-
neous processes probably occur in the system, they need not be invoked.
It is proposed that the reaction is initiated by chlorine atom formation.

NH2C1 is formed in chain reaction with Cl abstracting a hydrogen atom from
NH 3 to form HC1 and NH2; NH2 then reacts with Cl 2 to refo rm Cl and NH2C1.
Reactions that decrease the yield are those that shorten and in ter fere  with
the chain reaction, e. g . ,  atom-atom and radical-radical reactions. High
temperatures and flow perturbations can increase radical and atom concen-
trations and decrease the yield. Light emission from the reaction zone is
the Lewis-Rayleigh afterglow from combination of N atoms to produce N2.
This mechanism does not require NH4C1 formation for  heat production.
Diluent gases reduce radical concentrations in an isobaric flow system

and extend the length of the chain , whereas, NH 3 interacts directl y with the

reactions and is less effective than an inert  diluent. Variations in yield
between seemingly identical experiments are ascribed to va riation s in these
radical and atom concentrations.

The expe riments reported here and the proposed mechanism suggest
that several parameters can be used to op timize the yield . The ranges ove r
which the yield is insensitive to those parameters  can be used to optimize the
removal of the NH

4C1 by-product by controlling the particle growth rate and
size. The finding that the reactor can be kept free of NH4C1 at 260°C instead
of temperatures greate r than 320°C can result in bette r growth characte r-
istics for the NH4C1. The data show that low reactant ratios can be used if
some diluent gas is added. From the work of Sisler and the data presented

here, it is estimated that the ra t io  (NH 3 + N2)/C 12 can be 7 or less for
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hig h yields of NH2C1. Diluents may be added to eithe r reac tant stream with
equal effect  unless the react ion coup les s t rongly  with mixing and flow as it
appeared to under one set of expe rimental  conditions. Althoug h the reaction
must  be run at t empera tures  that p revent  NJ-14C1 foulin g of the system , the
product  s t ream should be cooled to less than 260 °C as rapidl y as possible
af ter  reaction has taken place. Finally, if the mechanism is cor rec t , gas
injection and flow design must be optimized to maintain low concentrat ions
of radicals  and long chain lengths.
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APPE NDIX

The following table s list all acceptable experiments performed on the
reaction of NH3 with Cl2. An acceptable experiment is defined as having the
following observed properties:

1. The experiment must not exhibit light emission or a flame
prior to or during the sampling pe riod.

2. A flat temperature p rofile must be observed during the
sampling period. This is defined as having a total tem-
perature  variation of less than 50°C during this pe riod.
(Most experiments had less than a 30°C variation.)

3. The sample must be taken from the gases generated
during the period whe re the temperature profile is rela-
tively flat.

The tables list the temperature at Ti unless othe rwise noted. The gas
flows are listed at 294 ’K and 1 atm. The actual flows depend on the tempera-
ture. The following factors will convert the flows into mass units.

Cl2 (g /min) = 2.94  X [Cl2 Flow rate (~/m)] (Al)

NH3 (g/min) 0. 706 x (Nl-13/Cl 2 ra tio) x (Cl2 Flow rate) (A2)

N2 (g/ min ) 0.861 >< (N 2 /Cl 2 ra t io) X (Cl
2 Flow rate) (A3)

NH2C1 (g/min ) = 2. 134 x (Yield ) x (Cl 2 Flow rate ) (A4)

The experiment numbers are for reference only and do not reflect the orde r
of experiments.  The N2 diluent was always placed in the Cl2 input stre am
except where noted.
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SUMMARY OF EXPERIMENTS

Ratio Cl2 Flow Temperature s Yield
No. Cl2 = 1 Rate Initial Reaction NH 2C1 Note s

NH 3 
N
2 ~/m °C °C

1 8 0 0. 3 24 280 21
2 8 0 0.6 24 280 32

3 8 0 0.25 24 160 19

4 8 0 0.2 24 290 5

5 8 0 0.4 24 260 31

6 8 0 0. 5 24 220 37

7 8 0 0.7 24 290 13

8 8 8 1. 2 24 290 11

9 8 0 1.0 24 310 ii

1~
) 8 0 0.4 24 260 45 2

11 8 0 0. 5  24 185 43

12 8 0 0. 5  24 240 44
13 8 0 0 . 5  24 250 53

14 8 1.1 0.5 24 130 52

15 8 1.1 0.5 24 130 38

16 8 1.1 0. 5 24 200 47
17 8 1.3 0.4 24 210 65

18 8 1.3 0 .5  24 263 56
19 8 1. 3 0.5 24 190 68

20 8 1 . 3 0 . 5  24 200 65

21 8 6.4 0.4 24 185 69

22 8 8.4 0.5 24 180 82

23 8 0 0. 5 280 190 44 3

24 8 1.1 0.5 190 230 66 3

25 8 1.1 0.5 240 170 67 3,4

26 8 1 .1 0.5 240 210 56 3

27 8 0 0.4 24 210 106
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H
SUMMARY OF EXPERIMENTS (Continued)

Ratio Cl2 Flow Temperatures Yield
No. Cl = 1 Rate Initia! Reaction NH2C1 Notes

NH3 N
2 

9/m °C °C

28 20 0 0.4 24 170 97

29 20 0 0. 5 24 120 71

30 6 0 0.5 24 300 17

31 6 1.1 0.5 24 210 72

32 6 1.1 0.5 24 180 49

33 6 1.1 0.5 24 260 53

34 6 2.2 0.5 24 180 51

35 6 2.2 0.5 24 260 64

36 6 0 0. 5 220 280 47 3

37 5 0 0.5 24 230 23

38 5 0 0.5 24 270 17 2

39 5 1.1 0.5 24 250 57

40 5 1.1 0.5  24 220 38
41 5 1.1 0 .5  24 2 30 48
42 5 2 . 2  0 .5  24 170 61
43 5 2.2 0.5 24 190 56

44 5 3. 4 0. 5 24 140 62

45 5 3.4 0 . 5  24 -- 48 5
46 5 3.4 0.5 24 230 63

47 5 6 .7  0 . 5  24 190 67
48 5 0 0. 5 230 270 19 3

49 5 1.1 0.5 220 220 47 3

50 4 0 0 . 5  24 -- 15
51 4 1.1 0.5 24 280 29

52 4 2 . 2  0 .5  24 250 61

53 4 3.4 0 . 5  24 250 62
54 4 3.4 0 .5  24 260 64
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SUMMARY OF EXPERIMENTS (Continued)

Ratio Cl2 Flow Temperatures Yield
No. Cl2 I Rate Initial Reaction NH)Cl Notes

NH3 N2 1/rn °C °C

55 4 5.6 0.5 24 200 68

56 4 1.1 0.5 190 240 45 3

57 4 1. 1 0. 5 190 250 45 3,4

58 4 1.1 0 . 5  190 250 50 3, 4
59 4 1.1 0.5 190 240 45 3

60 4 3.4 0.5 190 -- 78 3

61 4 3.4 0 . 5  190 240 102 3
62 4 3.4 0.5 190 230 95 3

63 4 3.4 0 . 5  190 230 91 3
64 4 3.4 0.5 190 230 92 3

65 4 3.4 0.5 190 230 78 3,4

66 4 3.4 0.5  190 230 80 3,4
67 4 0 0. 5 220 260 22 3

68 4 1.1 0.5 220 230 48 3

69 4 0 0. 5 270 190 20 3

70 4 2.2 0.5 270 200 60 3

1. TI located 5 cm lower in reacto r section.
2. TI not within 50°C range, ~ T -, 70°C.
3. Temperature measured at T2 for  all heated samples, initial tempera-

ture is that of injector at TB.

4. N
2 

added to NH3 rather than to the Cl2 
stream.

5. Reaction temperature not available .
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