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Table IV. Change i n Gas Composition (Volume P e r c e n t ) i n
t h e Pilot P l a n t
after CO
addition
after reaction after PSA
composition
COG
25.40
2.53
53.07
H2
57.57
9.65
0.00
0.00
co
6.45
0.16
3.40
2.74
COZ
2.56
26.00
45.60
85.53
CH,
26.60
3.55
5.13
10.23
c2-c4
3.62
3.73
1.49
2.85
2.91
N2

test was carried out using 20 wt '70 Co-20 wt % Mn203-0.1
wt % Ru/AlZO3catalyst prepared by the spray-drying
method. The reduction conditions were set a t SV of 1000
h-l, 260 "C, and 8 kg/cm2. A coke oven gas (Hz/CO = 8.9)
was arranged by addition of CO from a CO generating
plant and provided as the reaction gas having a Hz/CO
volumetric ratio 5.5. As shown in Table IV, CO was converted completely, and after the unreacted Hz, COz, and
Nzwere reduced by pressure-swing adsorption (PSA)
plants, the content of Cz-C4 in the gas became 10.2%. The
catalyst life was confirmed at least 3000 h without any
deactivation. The scattering of catalyst from the reactor
during the long-term reaction was 1% .
The product gas produced by this process generates
10 020 kcal/ (N m3) of combustion heat and only 4 vol %
LPG required to adjust the city gas calorie (11OOO kcal/ (N
m3)),reducing the necessary amount by about one-third
compared with the conventional methanation process.
Registry No. Co, 7440-48-4; MnPO3,1317-34-6; Ru, 7440-18-8;
CO, 630-08-0; CH,,74-82-8; Cz, 74-84-0; C3,74-98-6; Cq, 106-97-8;
C02, 124-38-9.
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Kinetics of Triaminoguanidine Nitrate Synthesis
C h a n - Y u a n Ho,* Tai-Kang L i u , and Wen-Hai W u
Chung S h u n Institute of Science a n d Technology, P.O. Box 1-4, Lungtan, Taiwan, Republic of China

A kinetic study was performed on the synthesis of triaminoguanidine nitrate (TAGN) from guanidine
nitrate, hydrazine, and ammonium nitrate in an aqueous solution. The reaction rate (-rH) was found
to be equal to the sum of the rate of two independently occurring second-order irreversible reactions,
namely, the main reaction between hydrazine and guanidine nitrate t o form TAGN and the neutralization reaction between hydrazine and ammonium nitrate t o form hydrazine nitrate. T h e
parameters of the apparent kinetic model of these two reactions were derived from individual
experiments following NH3 off-gas evolution rate. A reaction mechanism was attempted to elucidate
the apparent kinetic model of the main reaction. Moreover, the validity of this model for reactor
design was proved by good agreement of conversion between continuous stirred tank reactor experiments and simulation predictions.
Triaminoguanidine nitrate (TAGN), one of the important propellant ingredients, has been used primarily as an
oxidizer in cool-burning gun propellants for rapid fire
weapon systems (Kaye, 1980a,b). It can be prepared by

* To whom correspondence should be addressed.
0888-5885/89/2628-0431$01.50/0

the following methods: (a) dicyandiamide method (Satriana et al., 1966), (b) cyanamide method (Sauermilch,
1964, 1969), (c) calcium cyanamide method (Satriana et
al., 1974), and (d) guanidine nitrate method (Morton et
al., 1981; Frick and Hoffman, 1951; Sauermilch, 1964;
Haury, 1976). Among the diversified chemical routes,
0 1989 American Chemical Society
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synthesis of TAGN from guanidine nitrate (GN) and hydrazine in an aqueous solution was examined by Haury
(1976) as the following reaction:
HN=C,

N
,H2

aHNO3
NH2

+

NHINOS

3N2H,

H20

hydrazine

GN
NHNH2

H2NN =C

'

*tiNO3

+

3NH3t

(1)

'NHNH2

TAGN

where ammonium nitrate (AN) was added as the stabilizer
for reaction intermediates. Although the chemical recipe
of this method was reported, no kinetic study has ever been
undertaken to the knowledge of the authors. A kinetic
model would be of great practical use in reactor design.
Owing to the difficulty of quantitatively analyzing the
species of eq 1-GN, TAGN, and the reaction intermediates monoaminoguanidine nitrate (MAGN), diaminoguanidine nitrate (DAGN), etc.-the reaction kinetics
cannot be obtained directly by analyzing the above species.
This paper attempts to study the reaction kinetics by
monitoring NH, off-gas evolution rate during reaction.
The kinetic model is pursued and a mechanism is proposed, making it possible to obtain more insight into this
reaction.

Reaction Scheme
In order to study the kinetics of eq 1by monitoring NH3
evolution rate, it is important to realize all possible reactions that might also generate NH3 during the course of
reaction. Moreover, understanding of reaction scheme is
the first step toward chemical kinetic study. In addition
to the main reaction
GN + 3N2H4 TAGN 3NH3
(la)

+

--+

the possible side reactions considered, from the chemical
environment of this reaction system, are

GN
GN

+ H20

+ OH-

+ NH4N03

(3)

+ NO3- + NH,

(4)

urea
urea

Dissociation of NZH4 in aqueous solution from eq 2 and
hydrolysis of GN from eq 3 were found not to occur at the
reaction temperature of 381 K. If eq 3 did occur, the
product AN might further react with NzH, to produce NH,
according to eq 5. Our experimental study of eq 4, however, detected the formation of 0.12 mol of NH3 after
heating 0.17 mol of GN in 180 mL of 0.8 N NaOH solution
a t 373 K for 1 h. Since no hydroxide was added to the
reaction system, the only possible source of OH- ion in eq
4 might come from hydrolysis of NzH4according to
N2H4

+ HzO

NZHS+ + OHKb(25 "C) = 8.5 X

(6)

Due to the small Kb value (Kirk and Othmer, 1980) of eq
6 , the calculated [OH-] only gives 3.6 X loT3M under the
typical condition of [NzH4IO= 11.75 M. Thus, the NH3
contributed from eq 4 may also reasonably be ignored.
This leaves only eq 5, the neutralization reaction between ammonium nitrate and hydrazine, as the only

possible side reaction that might be capable of generating
NH3. Our experiments do confirm the occurrence of the
reaction. Therefore, ammonium nitrate plays not only as
a stabilizer to stabilize the reaction intermediate, TAG
(triaminoguanidine), as claimed by Haury (1976), but also
chemically competes for hydrazine to generate NH, according to eq 5. Since ammonium nitrate was added to
the reaction mixture according to eq 1under real condition,
it is therefore important to discriminate the NH3 part
contributed from main reaction l a and the one from
neutralization reaction 5. AN might change the activation
energy and rate constant of main reaction l a due to solvent
effect, i.e., changing the energy level of reactants and
transition states due to the presence of different
solvents-water or AN aqueous solution. Parallel analysis
might also apply to GN with respect to neutralization
reaction 5. Therefore, we face the problem of whether the
rate constants kG and k A , obtained respectively from the
GN/N2H4and AN/N2H4systems from the following sections, are identical with those obtained from the GN/
N2H4/ANsystem. In other words, will eq l a and 5-both
generate NH,-occur independently or interrelatedly in
the synthesis reaction l?
The objective of this paper is to report measured kinetic
data of both main reaction l a and neutralization reaction
5 by monitoring NH, off-gas evolution rate in the individual reaction. Subsequently, pursuit of the answer to
the above question using these data will be performed, and
finally the validity of kinetic model for design purpose will
be verified with CSTR experiments.

Experimental Section
A 3-neck 500-mL round-bottom flask with mechanical
agitator and N2 bubbling inlet was employed for our kinetic
study. Hydrazine hydrate, ammonium nitrate, and
guanidine nitrate with purity greater than 9870,along with
distilled water, were used as raw materials. The NH3
off-gas from reactor was absorbed by diluted HNO, solution. The latter was sampled periodically (10-15 min) and
the absorbed NH, was determined by back-titration using
a METROHM 636 titroprocessor. The experiments were
conducted under atmospheric pressure. The raw materials
were premixed by adding a suitable amount of GN to
hydrazine hydrate and adjusting the amount of water to
a total volume of 200 mL at room temperature. The flask
was then introduced into the temperature-controlled oil
bath. A reflux condenser was employed at the exit of the
vapor phase so that near constant liquid volume can be
maintained during reaction. The near concurrence of NH3
detection and the heat-up time to reach the desired reaction temperature indicates that the amount of NH,
evolved during heat-up period is negligible. This measure
also ensures that isothermal kinetic data are collected.
N2 bubbling (1.5 L/min) was applied all through the
experiments in order to promote NH3 escaping from the
reactor. This is especially important in measuring the
reaction rate at temperatures lower than the boiling point
of the reaction mixture, while the product NH, does not
so easily escape. [NH,], of 1.9 x 10" and 1.2 X loT3M were
measured at temperatures of 372 and 355 K, respectively,
under steady-state conditions. These data are important
for mechanism analysis as shown in the latter part of this
study. In addition, application of Nz bubbling in TAGN
synthesis was found to increase the yield by a few percent
as compared with those without N2 bubbling (Ho and Wu,
1986).
For safety reasons, consult the relevant references for
handling TAGN and hydrazine hydrate (Kaye, 1980a,b;
Lenga, 1985).
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Integrating eq 10 with initial conditions and stoichiometric relationships gives
In

50

(7)

where intermediates MAGN and DAGN represent monoaminoguanidine nitrate and diaminoguanidine nitrate,
respectively. Assume that reaction l a is a second-order
irreversible reaction governed by
-d[NZH,I /dt = kG[GNl [NZH4I

I

40

Figure 2. Integral analysis of experimental data in Figure 1 by
second-order irreversible reaction scheme.

Results a n d Discussion
I. GN/N2H4System. A. Rate Equation Determination. Figure 1 shows the kinetic measurements under
a fixed [GN], and [N2H4I0pair but different reaction
temperatures.
Equation l a may be considered as the sum of a consecutive-parallel reaction scheme comprising the following
three reactions:

-

,
30

I

TIME, UIN.

+ N2H4

1
20

200

Figure 1. Experimental results for [GN],, = 0.5 M and [N2H4l0=
2.575 M under different reaction temperatures.

GN

10

[GNlo([NzHdo - [NzhI*! [ N ~ H ~ I O ( [ G-N[NzH41*/3!
]O
( [ N z H ~ I o-/ [GNlO!kGt
~
(11)

where the subscript 0 denotes initial values and [N2H4]*
denotes the NzH4 concentration consumed, which derived
from the NH, evolved.
Integral analysis of data in Figure 1shows that, in order
to conform to the rate law of the second-order irreversible
reaction, a straight line must be obtained if the data in
Figure 1 are plotted using the left-hand side of eq 11
against {[N2H4],/3- [GN],Jt. The slope of this line will
then be equal to the rate constant. The test results are
shown in Figure 2. It should be noted that time zero in
Figure 2 is obtained as the time when NH, was first detected in each experiment. The good linear relationship
in Figure 2 indicates that the rate law of reaction l a appears to be irreversible second order. However, the experimental results by variation of [N2H4], shown latter
indicate that reaction l a is hot governed by a "simple"
second-order irreversible rate law.
The temperature dependence of the rate constant can
be derived from the Arrhenius equation. The Arrhenius
plot for the [GN], = 0.5 M and [N2H4], = 2.575 M pair
is shown as the A line of Figure 3. The activation energy

1qq-q
0

2.60

7.210
I

I

I

I

1

I

2.70

2.72

2.74

2.76

2.70

2.80

!Xld.

'K-'

Figure 3. Arrhenius plot of experimental results under different
initial concentrations and temperatures in the N2H4/GN system.

and frequency factor, derived respectively from the slope
and intercept of line A, are 18.4 kcal/mol and 1.57 X lo9
L/ (mol-min), respectively.
Owing to the difficulty of maintaining a constant volume
during reaction by using a high initial concentration and
the difficulty of monitoring the fast NH, evolution rate
under such conditions, previous experiments of this study
were carried out under initial concentrations much lower
than those of practial interest. Nevertheless, in order to
obtain a kinetic equation suitable for reactor design, the
raw material initial concentrations were extended under
carefully controlled conditions. [N2H4], concentrations
ranging between 2.091 and 7.210 M were covered, although
they were still lower than those for practial applications.
Under the present experimental range, near constant reaction volume can be maintained (maximum deviation
6%). The details of each experiment and the corresponding data analysis are not reported here because they
are respectively similar to those in Figures 1 and 2. The
final results are shown in Table I and Figure 3. It is found
from Figure 3 that changing [GN], under fixed [N2H4],
reveals no significant effect of [GN], on k G (0 and V all
fall on line A). Changing [N2H4I0,however, gives a family
of parallel lines, indicating that the observed rate constant
possesses a [N2H4],-dependent frequency factor. In addition, the [NzH4Io-dependentfrequency factors are all
related to the same activation energy of 18.4 kcal/mol, as
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Table I. Experimental Results of the GN/N2HdSystem under Different Initial Concentrations and Temperatures

TK-54
TK-52
TK-55
TK-56
TK-57
TK-63
TK-60
TK-61
TK-59
TK-67
TK-64
TK-66
TK-65
TK-71
TK-73
TK-75
TK-76
TK-68
TK-70
TK-69

2.575
2.575
2.575
2.575
3.471
3.471
3.471
3.471
3.471
2.091
2.091
2.091
2.091
4.120
7.210
7.210
7.210
2.575
2.575
2.575

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.85
0.85
0.85

363
365
368
370.5
370.5
369
365
362
358
370
367
363
358
366.5
360
362
357
370.5
366
362

P

0.86
1.28
1.51
1.83
2.18
2.58
2.42
1.86
1.54
1.07
1.87
1.48
1.18
0.847
2.22
2.07
2.33
1.73
2.09
1.67
1.24

-4.756
-4.358
-4.193
-4.001
-3.826
-3.657
-3.721
-3.985
-4.193
-4.538
-3.979
-4.213
-4.440
-4.768
-3.808
-3.878
-3.759
-4.057
-3.868
-4.092
-4.390

2.801
2.755
2.740
2.717
2.699
2.699
2.710
2.740
2.762
2.793
2.703
2.725
2.755
2.795
2.729
2.778
2.762
2.801
2.699
2.732
2.762

0.9994
0.999
0.9992
0.998
0.9992
0.9992
0.999
0.9996
0.992
0.992
0.998
0.999
0.999
0.998
0.996
0.999
0.9994
0.9994
0.999
0.998
0.992

13. The mechanism outlined by eq 7-9 has only considered
the forward reaction. The amount of dissolved NH3 in the
reaction solution, although small in quantity, could have
comparable reactivity when compared with N2H4 (Hendrickson et al., 1973). If this was taken into account, the
mechanism depicted earlier in this study could be replaced
by a reversible consecutive-parallel scheme as
GN

+ NzH4

MAGN
DAGN

ki

+ N2H4

+ NzH4

MAGN
k2

+ NH3t

DAGN

+ NH3f

(15)

TAGN

+ NH3t

(16)

k-2

ka

k-a

(14)

Writting material balance equations for major species, we
obtain
-d[GN]/dt = kl[GN][N2H4] - k_i[MAGN][NH3]1 (17)

1.2

'

I

0

1

d[MAGN]/dt = kl[GN][NzH4] - k_l[MAGN][NH3]1k2[MAGN][NZH,] + k_2[DAGN][NH,]1 (18)

/

2

I
3

[N2H,

I,,

I

I

I

I

4

5

6

7

M.

Figure 4. [N2H4I0dependence of apparent frequency factor in the
N2H4/GN system.

found earlier in this study. The dependence of the apparent frequency factor on [NZH4], (Figure 4) can be
correlated by
A = (0.343[NZH4],+ 0.698)109
(12)
Summarizing the previous results of this study, an apparent kinetic model could therefore emerge
- r ~= -d[NZH,]/dt = kc[GN][NzH4]
where k~ = (0.343[NZH4],+ 0.698)109exp(-EJRT) and
E, = 18.4 kcal/mol under 373 K 1 T 1 353 K, 7.210 M
2 [N2H4I0L 2.091 M, 0.85 M 2 [GN], 2 0 . 5 M, and
0.5 2 XH (=1- [NzH,]/[NZH4],) L 0.2
(13)
Equation 13 shows that reaction l a is obviously not
governed by a simple second-order irreversible reaction.
A more reasonable mechanism should be devoted to elucidate the experimental results summarized by eq 13.
B. Mechanism. Further endeavors are made in order
to elucidate the experimental results summarized by eq

d[DAGN]/dt =
k2[MAGN][N2H4] - k-,[DAGN] [NH,], k3[DAGN][N2H,] + k+[TAGN][NH3]1 (19)
where [NH3I1denotes the NH, concentration in the reaction solution which, under a fixed temperature, quickly
approaches the constant value given earlier in the Experimental Section. In order to derive the kinetic law from
eq 14-16, the stationary-state treatment is applied to the
reactive intermediates, which must be present in low
concentrations. Equating eq 18 and 19 to zero leads to the
following steady-state concentrations of intermediates:
[MAGNI = Ikl[GNI[N,H41 + k-Z[DAGNl[NH,Il)/
(k-i[NH3Ii + kz[NzH41) (20)
[DAGN]= (k2[MAGN][NzH4] + k-,[TAGN][NH,]J/
k d N H 3 I i + ~ ~ [ N z H(21)
~II
Substituting eq 20 and 21 into eq 17, we find
-d[GN]/dt = ( ( k l 2 k 3- k,k-1k3)[GN][N2H4]2[NH,]1
+
klk2k3[ GN] [NzH4I3 - k-lk-2k-3[TAGN] [NH3] 13)/
{k-ik-z[NHsli2 kik3[NH31i[N&41 + k2k3[NzH4l21 (22)
[NH3Il2and [NH3Il3,respectively of the order of
and
at 372 K, are so small that they may be neglected
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Table 11. Experimental Results of the AN/N2H4
. . System under Different Initial Concentrations and Temperatures
[N2H4lo, M
4.12
4.12
4.12
4.12

[AN109 M
0.5
1.0
1.0
1.0

batch
TK-77
TK-79
TK-86
TK-87

T,K
367
360
362
358

103(1/77, K-'
2.725
2.778
2.762
2.793

1O2kA
2.58

when compared with the other terms. After rearranging,
we have
-d[GN]/dt = ((kI2- k1k-J[GN][N2H4][NH3]1
+ kz[N2H4]1 (23)

In kA
-3.657
-4.465
-4.247
-4.646

R2

0.998
0.9998
0.9992
0.997

7 -

+

6 -

Now let us consider the two terms in the denominator
of eq 23. If

kz

0
(24)
so that k1[NH311>> k2[N2H4]as the reaction is progressing,
we could further neglect the smaller term to have
-d[GN]/dt = ((ki - k-1) + k2[NzH4]/
[NH3IiJ[GNl[N2Hd = kobAGNl[NzH41 = - r ~(25)
4

2-

55'-

-2 -2
EE

3-

360.K

KA=I.16X10~z

where
hobs

= (k1- k-1)

+ ~ z [ N z H ~ I / [ N H ~ I ~(26)

The linear dependence of the observed rate constant on
hydrazine concentration is very evident from eq 26. Now
consider the similar expression of k G in the eq 13.
Equation 13 is derived from experiments under lower N2H4
conversion. The linear dependence of the observed rate
constant on hydrazine initial concentration in eq 13,
therefore, may be attributed to this reason. If so, then eq
26 can be employed to compare with eq 13 by equating the
corresponding terms. First we introduce the
-rH = -d[NzH4]/dt = -3rG
(27)

20

40

w

80

IW

1x1 140

180 180

xx)

M 240

([NzH,pNlolt

Figure 5. Integral analysis of N2H4/AN neutralization reaction rate
data by second-order irreversible reaction scheme.
-3.5

1

relationship among eq 13, 25, and 26 to give
k G = 3(kl - k-1) + ~ ~ ~ [ N z H ~ I O / [ N H
(28)
~]~
An arbitrary comparison was then made between the
observed rate constant calculated from eq 13 at 372 K

k~ = (1.079 + 0.53[N2H4]o)10-2

(29)

and eq 28. After equating the corresponding terms, we
obtain

kl

- k-1 =

0.36

X

lo-'

(30)

and

I

272

3kz/[NH3]1 = 0.53 X
(31)
Substituting [NH,], = 1.9 x lo4 M at 372 K into eq 31,
we have
kz = 3.36 X lo-'
which is indeed very small to support the validity of the
assumption eq 24 and, consequently, explain the linear
dependence of the observed rate constant on hydrazine
concentration shown in eq 13. Obviously, the mechanism
outlined by eq 14-16 is more reasonable than the one
depicted by eq 7-9. Equation 25 shows that reaction l a
should be a pseudo-second-order reaction.
11. AN/NzH4 System. The neutralization reaction
between N2H4 and AN is somewhat simpler than the main
reaction. We can obtain the kinetic measurements under
a fixed [AN], and [N2H,],, pair but with different reaction
temperatures by the same method used in section I. Assuming the reaction rate follows a second-order rate law
gives
(32)
- ~ [ N z H /dt
~ I = ItA[AN1[ N z H ~ I

273

271

275
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277
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279

280

ix103
Figure 6. Arrhenius plot of experimental results under different
initial concentrations and temperatures in the N2H4/AN system.

Integrating eq 32 with initial conditions and stoichiometric
relationships gives

(33)
Following the typical integral method analysis of chemical
reaction engineering, we present the testing results of eq
33 in Figure 5. The good linear relationship in Figure 5
indicates that the neutralization reaction conforms to a
second-order irreversible rate law.
The temperature dependence of the rate constant can
be derived from the Arrhenius equation. The experimental
results are presented in Table 11. Figure 6 shows the
Arrhenius plot. The activation energy and frequency
factor, derived respectively from the slope and intercept
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Figure 7. Comparison between the predicted total amount of
evolved NH3 and the experimental amounts under [AN], = 0.5 M,
[GN], = 0.5 M, [N2H,Jo = 4.12 M, and reaction temperature of 366
K.
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of Figure 6, are 29.98 kcal/mol and 1.86 X 10l6 L/(mol.
min), respectively.
111. GN/NzH4/AN System Simulation. It is known
from previous sections that there are two reactions that
can evolve NH, off-gas in the GN/N2H4/AN system:

+ 3NzH4 koTAGN + 3NH3
AN + NzH4 -% NzHSNO3+ NH,
GN

(la)
(54

If main reaction l a and neutralization reaction 5a proceed
independently in the GN/NzH4/AN system, then the additivity rule may be applied to the NH3 off-gas rate. In
other words, we could predict the amount of NH3 evolved
in the GN/NzH4/AN reaction system from the rate constants k G and k A measured respectively from the GN/NzH4
and AN/NzH4 systems in the previous sections.
Let [N2H4ITbe the total NzH4 concentration consumed
by reactions l a and 5a, [ N 2 H 4 ]be
~ the N2H4concentration
consumed by reaction la, and [N2H4IAbe the N2H4 concentration consumed by reaction 5a; we then have
d[NzH4I~/dt= kG[GNl [N2H41
(34)
d[N2H4lA/dt = kA[GNl [N2H41

(

3[GN]O - [NZH41G [ N z H ~ I-o [NZH4IA
3[GNlo
[NZH410 - [NZH41T
=
([NzH410 - [ N ~ H ~-I A
~[GNIo
kGt (37)
3

Similarly we have eq 38 from eq 35

))

1
1) -

LAN], - [N2H41A [ N z H ~ I-o [NZH4lG
3[GN10
[NZHdO - [N2H41T
-(ln
([N&Io - [ N z H ~ I-G[ANlo)k~t(38)
Thus, given the values of [N2H410, [GNI,, [ANI,, kG, kA,
and t, we can calculate [N2H4IA,[N2H4IG,and [N2H4IT
from eq 36-38. kc and kA are obtained from previous
sections when the reaction temperature is specified. Figure
7 shows the results of the predicted individual and total
amount of evolved NH3 under [AN], = 0.5 M. [GN], = 0.5

(

IO0
t(MIN.

1

50

1

Figure 8. Comparison between the predicted total amount of
evolved NH, and the experimental amounts under [AN], = 1.0 M,
[GN], = 0.5 M, [N,H,], = 4.12 M, and reaction temperature of 359
K.

M, and [N2H4],= 4.12 M at a reaction temperature of 366
K. The experimental totals were also given for comparison.
The predicted total amount of NH3 evolved agreed satisfactorily with the experimentally measured data, suggesting that eq l a and 5a proceed independently in the
ternary reaction mixture GN/NzH4/AN. The results also
answer the questions in the Reaction Scheme section that
the presence of AN will not alter the reaction rate constant
of eq l a and presence of GN will also not alter the reaction
rate constant of eq 5a. Similar evidence is presented in
Figure 8 under different reaction conditions.
IV. Continuous Flow Stirred Tank Reactor Simulation. The design equation for the continuous flow stirred
tank reactor is (Levenspiel, 1972)

(35)

[NZH41T = [N2H4IG + [NZH4IA
(36)
Integrating eq 34 with initial conditions and stoichiometric
relationships ([NzH4]= [NzH410- [NzH~IG
- [NzH~IA,
[GNI
= [GN], - [N2H4IG/3)gives

-(In

50

7

= [GNll$G/(-rG)

(39)

where 7 denoted the average retention time in the reactor.
Under typical conditions of [GN], = [AN], = 1.5 M,
[NzH4],= 11.6 M, and a reaction temperature of T = 363
K, the reaction rate expression can be derived from eq 13:
-rG = 1.30 X 10-2[GN1[N2H41

(40)

where
[ N z H ~=
I [NzH410 - 3([GNIo - [GNI) - [NzH~IA (41)
In view of the fact that the maximum [ N 2 H 4 ]during
~
reaction will only reach [AN], and [NZH4],>> [AN], under
typical conditions, we attempt to neglect [N2H4IA
in the
above equation to give
[ N Z H ~+I [NzH410- ~ ( [ G N I -o [GNI)
(42)
Introducing XG = 1- [GN]/[GN],, i@ = [N2H4]0/[GN]o,
and eq 42 into eq 40 gives
-rG =

1.30 X lO-'[GN],2(1 - X G ) ( ~ @- 32G)

(43)

Substituting eq 43 into eq 39, we find
7

= ~ ~ / 1 . 9x510-2(1 - XG)(7.73 - 3 x C )

(44)
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Figure 9. Comparison between the predicted GN conversion and
the experimental conversions from a CSTR a t steady state.

Figure 9 shows the comparison between predicted GN
conversions and the experimental ones taken from a 1-L
CSTR reactor under steady state. The predicted conversions agree satisfactorily with the experimentally
measured data.

Conclusions
The kinetic study of TAGN synthesis from GN/
N2H4/AN mixtures has been carried out by monitoring
NH3 off-gas evolution rate. The reaction scheme was
proposed considering all possible side reactions that might
generate NH3 Two reactions, namely the one between GN
and N2H4 (eq la) and the one between AN and N2H4(eq
5a), are believed to proceed independently in the GN/
N2H4/AN ternary mixture, and each contributed to the
total observed rate in the ternary mixture in terms of the
amount of NH3 evolution. Integral analysis of rate data
suggests that both eq l a and 5a conform to the secondorder irreversible reaction rate law with activation energies
of 18.4 and 29.98 kcal/mol, respectively.
An attempt to elucidate the main reaction rate expression eq 13 by a consecutive-parallel reversible mechanism
and steady-state approximations appears to be successful.
The validity of this rate expression for reactor design
purposes is justified when experimental CSTR conversions
are compared with the ones obtained from simulation
predictions.
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Nomenclature
A = apparent frequency factor, L/(moEmin)
E , = activation energy, kcal/mol
kA = rate constant of AN/N2H4neutralization reaction, L/
(mol-min)
kc = rate constant of GN/N2H4main reaction, L/(mol.min)
kobs = observed reaction rate constant, L/ (molsmin)
A2 = [N2H4lo/[GNlo
R = ideal gas constant, 1.987 cal/('C.mol)
R2 = correlation coefficient
T = reaction temperature, K
t = reaction time started from first detection of NHB,min
XG = conversion based on [GN],
XH = conversion based on [N2H4]o
[ANIo = ammonium nitrate initial concentration, M
[GN], = guanidine nitrate initial concentration, M
[N2H4],= hydrazine initial concentration, M
[N2H4]* = hydrazine concentration consumed, derivable from
NH, evolved, M
[N2H4IA= hydrazine concentration consumed by neutralization reaction, M
[N2H41G= hydrazine concentration consumed by main reaction, M
[N2H4IT= total hydrazine concentration consumed, derivable
from NH, evolved, M
[NH,], = NH, dissolved in reaction solution, M
Greek Symbol
7

= average retention time, min
Registry No. GN, 506-93-4; TAGN, 4000-16-2; NzH4, 302-01-2;

NH4N03, 6484-52-2; NZHsN03, 37836-27-4.
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