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Ethanolamines are important basic chemicals, and a heat resistant catalyst having high selectivity and
activity has been required for producing monoethanolamine and diethanolamine in larger amounts
to satisfy the increasing demands. Nippon Shokubai developed a modified clay catalyst for selective
monoethanolamine production. The heat capacity of a multicomponent system (ammonia, ethylene
oxide, and ethanolamines) was measured with pilot equipment, and an experimental equation of heat
onoethanolamine
thylene oxide
eat capacity
diabatic reactor

capacity was presented. Because the developed catalyst has higher selectivity than that of ion exchange
resins, operation with high concentration of ethylene oxide becomes possible. However, the large reac-
tion heat of operation in an adiabatic reactor causes a severe temperature rise, which can affect product
quality. Elimination of reaction heat is necessary to reduce the temperature rise, and utilization of the
latent heat of ammonia vaporization is proposed as a solution. A selective monoethanolamine produc-
tion process with high productivity has been developed by adopting a model of partial vaporization of

odifi
ammonia and using the m

. Introduction

Ethanolamines are a class of organic compounds that include
-aminoethanol (MEA), 2,2′-iminodiethanol (DEA), and 2,2′,2′′-
itrilotriethanol (TEA). They are important basic chemicals,
roduced at a global rate of about 1.3 million metric tons per
ear, and their consumption grows by 4–5% a year. They are ver-
atile chemicals that have the properties of both amines and
lcohols. They are used in diverse areas, such as gas sweeten-
ng, detergent and specialty cleaner formulations, intermediates
or ethyleneamines, agricultural chemicals such as herbicides, ure-
hane foam catalysts, pharmaceuticals, textile processing aids,

etalworking, and oil-well rust preventives.
The synthetic method for the production of ethanolamines is

hown in Eqs. (1)–(3), and is a typical consecutive reaction with 3
teps.
(1)

Abbreviations: MEA, monoethanolamine; DEA, diethanolamine; TEA, tri-
thanolamine; EO, ethylene oxide.
∗ Corresponding author. Tel.: +81 6 6317 2252; fax: +81 6 6317 2992.

E-mail address: hideaki tsuneki@shokubai.co.jp (H. Tsuneki).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2008.12.031
ed clay catalyst.
© 2009 Elsevier B.V. All rights reserved.

(2)

(3)

Currently, ethanolamines are produced on an industrial scale
exclusively by the reaction of EO with excess ammonia [1]. The
reaction of EO with anhydrous ammonia occurs very slowly and
is accelerated by water [2]. The water must be separated from the
products, which is energy consuming. This has led to an increas-
ing interest in anhydrous methods using heterogeneous catalysts.
Weibull et al. reported the possibility of using ion exchange resins
[3]. A potential disadvantage of organic ion exchange resins is their
lack of stability at high temperatures. For the requirements of

high-temperature stability and the presence of acidic sites, many
inorganic solid acids, such as acidic silica–aluminas, zeolites, and
acid clays, have been investigated. [4,5]. However, a catalyst that
is superior in activity and selectivity to ion exchange resin has not
been discovered.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:hideaki_tsuneki@shokubai.co.jp
dx.doi.org/10.1016/j.cej.2008.12.031
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ig. 1. Flow scheme of pilot equipment. Reactor: 67 mm� 2000 mmL Catalyst volume
–6 L, with thermal insulation material wounded up. Heat liberation is compensated
y heating.

To meet increasing demand for MEA, Nippon Shokubai devel-
ped a modified clay catalyst with high activity and high selectivity
or MEA production [6–9]. The use of this catalyst can raise EO con-
entration in the reactor inlet and increase process productivity.
owever, this can cause the problem of a large temperature rise, due

o reaction heat in an adiabatic reactor [10]. In this paper, we report
n a heat capacity equation for an ammonia–EO–ethanolamine
ystem and present a high-productivity process that uses partial
aporization of ammonia to eliminate reaction heat for reducing
he temperature rise in the adiabatic reactor.

. Experiment

.1. Catalyst

Catalyst A: Clay modified with rare earth elements [11]. Prepa-
ation example: montmorillonite (2 kg) was added to a 0.05 mol/L
anthanum nitrate aqueous solution (0.1 m3). This slurry was stirred
or 12 h and then settled for a further 12 h to precipitate lanthanum
on-exchanged montmorillonite. The precipitate was filtered after
liminating supernatant liquid and rinsed using 0.1 m3 of ion
xchange water. A pore forming agent (2 kg), such as cellulose pow-
er, was added to the resulting cake. An extruder molded the cake

n the shape of a string, 0.4 mm in diameter. The molded product
as dried at 393 K for 12 h, and granulated to a length of 2–5 mm.

he resulting granules were calcined in air at 773 K for 4 h.
Catalyst B: Ion exchange resin. Strongly acidic, gel type (Dowex®

0 W, particle size: 0.3–0.8 mm)

.2. Equipment

The flow scheme of our pilot system is shown in Fig. 1. Liquid
mmonia and EO were fed using high-pressure metering pumps
ith two heads, one for each chemical. Before entering the reactor,

he reactant liquid was preheated.
The reactor consisted of a 2000 mm-long stainless steel tube

ith an inside diameter of 67 mm. The reactor was highly insulated
ith ceramic wool, and a heater compensated for the reactor’s heat
oss. A movable K-type thermocouple measured the temperature
rofile of the catalyst bed.

A regulating valve placed after the reactor maintained the reac-
or pressure at the desired level. Most of the excess ammonia was
tripped off in a distillation column and recycled to the reactor.
ring Journal 149 (2009) 363–369

2.3. Reaction conditions

Reaction pressure was controlled at 10–13 MPa. The reactor inlet
temperature was controlled in the range of 300–373 K, and the max-
imum reactor outlet temperature was 430 K. The EO concentration
was 2–11.1 mol% (NH3/EO molar ratio = 50–8). Weight hourly space
velocity (WHSV) was controlled at 1–5 h−1.

3. Results and discussion

3.1. Reaction rate equation

In designing a reaction process, it is very important to derive a
reaction rate model. From a practical viewpoint, a desired reaction
rate model should be sufficiently simple and accurate one enough
to explain reaction data. Our reaction model is a simple second-
order model. Reaction rate (r1, r2, r3) equations for each step in the
reaction scheme are expressed as follows:

r1 = k1CNCE, (4)

r2 = k2CMCE = k1˛CMCE, (5)

r3 = k3CDCE = k1ˇCDCE, (6)

where CN, CE, CM, and CD are concentrations of ammonia, EO, MEA,
and DEA, respectively. k1, k2, and k3 are reaction rate constants, and
˛ and ˇ are parameters, defined as k2/k1 and k3/k1, respectively. k1
is expressed as Eq. (7).

k1 = A1 exp
(−Ea

RT

)
, (7)

where A1 and Ea are frequency factor and activation energy of k1
respectively. R is gas constant. T is reaction temperature. The con-
centration change rate of each component is expressed as follows:

dCN

dt
= −r1 = −k1CNCE, (8)

dCM

dt
= r1 − r2 = k1(CN − ˛CM)CE, (9)

dCD

dt
= r2 − r3 = k1(˛CM − ˇCD)CE, (10)

dCE

dt
= −r1 − r2 − r3 = −k1(CN + ˛CM + ˇCD)CE, (11)

where t is reaction time. In actual reactor, t at point z of catalyst layer
is defined as·WHSV−1·z·L0−1, where L0 is whole length of catalyst
layer.

Let CN0 denote initial CN. Eqs. (12) and (13) are obtained by
integrating Eqs. (8)–(11).

CM

CN0
= (CN/CN0)˛ − CN/CN0

1 − ˛
, (12)

CD

CN0
= ˛

1 − ˛

[
CN/CN0 − (CN/CN0)ˇ

1 − ˇ
− (CN/CN0)˛ − (CN/CN0)ˇ

˛ − ˇ

]
,

(13)

Selectivity for MEA increases when ˛ and ˇ are reduced. These
parameters are in the range of 5–7 for the ion exchange resin (Cat-
alyst B) and about 3 for the modified clay (Catalyst A).
3.2. Heat capacity measurement and derivation of experimental
equation

The developed catalyst was calcined at high temperature (773 K).
Therefore, its heat resistance is higher than that of the ion exchange
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ig. 2. MEA concentration in produced amines as a function of EO concentration.
©) Catalyst A: Modified clay catalyst. (♦) Catalyst B: Ion exchange resin.

esin (normal use temperature: 393–403 K). As shown in Fig. 2,
he selectivity of the catalyst for MEA is improved; thus, the reac-
ion can be executed at high EO concentrations (i.e., low NH3/EO

olar ratio). In this case, the adiabatic temperature rise is a severe
roblem. The maximum temperature of the reactor is limited to
bout 430 K to maintain product ethanolamines qualities, such as
olor.

Fig. 3 shows the relationship between EO concentration and
emperature rise observed using the pilot equipment. The reactor
as highly insulated, and a heater compensated for heat loss for

chieving nearly adiabatic conditions. As shown in Fig. 4, isobaric
eat capacity (CP) of the reaction mixture, estimated by a simple
ixing rule, disagreed with observed data.

.2.1. Isobaric heat capacity estimated by Vamling’s equation
Vamling and Cider reported an experimental equation of CP as a
unction of pressure (P) and temperature (T) [12].

P = CP,a + CP,b

C(13 MPa)
P,c + dCP,cdP(P − P0) − T

, (14)

Fig. 3. Temperature rise at various EO concentrations. Catalyst A.
Fig. 4. Effect of EO concentration on isobaric heat capacity. Catalyst A, reaction
pressure: 11.87 MPa, heat capacity: average value of reactor inlet and outlet.

where P0 = 13 × 106 Pa and CP,a, CP,b, C(13 MPa)
P,c , and dCP,cdP are param-

eters.
The values of the parameters in Eq. (14) are given below (some

parameters are expressed by the ratio between the parameter and
the reaction heat).

−�H

CP,a
= 31.3 ± 1.8 (kg K/mol),

−�H

CP,b
= 2.08 ± 0.56 (kg/mol),

C(13 MPa)
P,c = 424.6 ± 7.4 (K),

dCP,cdP = 5.3 × 10−6 ± 3.8 × 10−6 (K/Pa).

Eq. (14) was derived from experimental data; therefore, agree-
ment between the calculated and observed values was better than
that for values calculated using the simple mixing rule (see Table 1).
Reactor outlet temperature (Tout) is calculated by solving Eq. (15).∫ Tout

Tin

CP,a + CP,b

|C13 MPa
P,c + dCPdP(P − P0)|dT = �HR, (15)

where �HR (J g−1) is the reaction heat of 1 g of reaction mixture,
and Tin is the reactor inlet temperature.

Eq. (14) does not involve an EO-concentration term; however, EO
concentration affected CP considerably, as shown in Figs. 3 and 4.
The differences between calculated and observed values are shown
in Fig. 5A. When the EO concentration is low, the estimated heat
capacity is too small, and as a result, the calculated outlet tempera-
ture becomes high. On the contrary, when EO concentration is high,
the outlet temperature becomes low.

3.2.2. Revised Vamling’s equation

If an EO-concentration term is taken into consideration, a revised

Vamling’s equation can express the actual heat capacity with higher
accuracy. Figs. 4 and 5A show that the EO-concentration term has
an exponential effect. An EO-concentration term is necessary in the
denominator of the 2nd term, because EO concentration affects the
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Table 1
Effect of EO concentration on isobaric heat capacity.

EO concentration (mol%) Pressure (MPa) Tinlet (K) Toutlet (K) Heat capacity (J g−1) Calculated Toutlet (K) Calculated heat capacity* (J g−1) Error (K)

2.87 9.91 371.8 399.0 5.856 406.3 5.740 7.3
3.00 9.91 362.7 392.6 5.555 400.9 5.192 8.3
3.13 9.91 354.1 387.1 5.279 395.5 4.871 8.5
4.44 9.91 344.0 401.2 4.207 401.4 4.572 −1.3
5.44 9.91 330.6 405.4 3.885 401.5 4.258 −3.9
6.44 9.91 319.0 406.0 3.893 402.7 3.952 −3.3
3.08 11.87 374.3 408.0 5.053 409.8 5.190 1.8
3.09 11.87 353.6 388.3 4.919 394.7 4.581 6.4
3.13 11.87 343.5 380.1 4.726 386.8 4.427 6.7
4.36 11.87 345.2 403.2 4.082 401.5 4.288 −1.6
5.40 11.87 329.5 405.5 3.797 400.3 3.969 −5.1
6.43 11.87 318.9 410.2 3.705 402.5 3.770 −7.6

Catalyst A, calculated heat capacity.
* Valming’s equation (Eq. (14)).
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Fig. 5. Evaluation of heat capacity equations. Catalyst A, (A

ritical condition. Thus, the empirical formula is revised as follows:

P = CP,a + aexp (cCE) + CP,b

C(13 MPa)
P,c + bCE + dCP,cdP(P − P0) − T

,

(16)

here CE is the EO concentration (mol%), and a, b, and c are addi-
ional parameters for Eq. (14).

Tout

Tin

CP,a + a exp(cCE) + CP,b

|C13 MPa
P,c + bCE+dCPdP(P − P0)|dT = �HR,

(17)

Parameters (a, b, and c) were determined using the nonlinear
east-squares method to satisfy Eq. (16). The obtained parameters
re shown below.

−�H

CP,a
= 29.38 (kg K/mol)

−�H

CP,b
= 1.871 (kg/mol)

(13 MPa)
P,c = 453.8 (K)
CP,cdP = 2.0 × 10−5 (K/Pa)

−�H

a
= 1.798 (kg/K mol)
ling’s equation (14). (B) Revised Vamling’s equation (16).

b = 14.07 (K/mol%)

c = −1.2845 (mol%−1)

The differences between observed and calculated values are
shown in Fig. 5B. By introducing an EO-concentration term, the
errors in Fig. 5B show a considerable decrease compared to those
in Fig. 5A.

Using this heat capacity, temperature rise rate is expressed by
Eq. (18).

dT

dt
= (r1 + r2 + r3)

�H

CP
= k1(CN + ˛CM + ˇCM)CE�H

CP
, (18)

The temperature profile of the catalyst bed is obtained by inte-
grating the differential system from Eqs. (8)–(11) and (18). Some
examples of observed data and calculated values are shown in Fig. 6.
The calculated values agree well with observed data.

3.3. Suppression of temperature rise in an adiabatic
reactor—ammonia partial vaporization

When EO concentration was increased above 7 mol% at rela-
tive low reaction pressure, the observed heat capacity was larger
than that calculated using Eq. (16). Table 2 shows the observed and

calculated heat capacities, reactor outlet temperature, and error.
Fig. 7A shows temperature profiles at various EO concentrations,
and Fig. 7B compares the observed and calculated values at an
EO concentration of 9.18 mol%. Though the reaction heat increased
with EO concentration, the observed temperature rise was smaller
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Table 2
Effect of EO concentration on apparent heat capacity at high EO concentration.

EO concentration (mol%) Pressure (MPa) Tinlet (K) Toutlet (K) Heat capacity (J g−1) Calculated Toutlet (K) Calculated Heat capacity (J g−1) Error (K)

7.14 9.91 319.2 412.7 4.086 419.6 3.348 6.9
7.20 10.40 319.8 414.0 3.977 421.5 3.334 7.5
7.80 9.91 319.8 412.7 4.312
9.18 9.91 320.5 415.8 4.893

Catalyst A.

Fig. 6. Calculated and observed temperature profile. Catalyst A, reaction pressure
1
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1.87 MPa, (a) CE: 6.44 mol%, inlet temperature 319.2 K, WHSV 3.8 h−1 (NH3/EO molar
atio 14.5). (b) CE: 5.41 mol%, inlet temperature 338.2 K, WHSV 3.2 h−1 (NH3/EO molar
atio 17.5).

han expected. In the case of condition (a) in Fig. 7A, the tempera-
ure profile line curved gently at the inflection point, whereas for
onditions (b) and (c), it curved sharply. The calculated value in
ig. 7B agreed with the observed data up to the inflection point.

This phenomenon is considered to be due to the relative low
eaction pressure. The reaction mixture reaches its boiling point and
part of the ammonia vaporizes because it receives latent heat from
he reaction mixture, and the temperature rise is restrained. There-
ore, when ammonia vaporization begins, the temperature rise
tops suddenly, and the temperature profile curve bends sharply. If
he boiling point and apparent heat capacity of the reaction mixture
ould be estimated, the temperature profile for high EO concentra-

ig. 7. Temperature profile at high EO concentration. Catalyst A (A) Observed data, (a) CE 6
.91 MPa, WHSV 3.2–3.4 h−1. (B) Comparison between observed data and calculated profi
430.0 3.297 17.3
443.8 3.780 28.0

tions could be predicted. When the EO concentration is increased
to achieve high productivity, the temperature rise of the reaction
mixture can be suppressed by control of the reaction pressure Thus,
concerns over quality deterioration decrease.

3.3.1. Estimation of apparent heat capacity on vaporization of
ammonia

The boiling point and apparent heat capacity of the reaction
mixture are estimated by the following procedure:

(1) Integrate the reaction rate Eqs. (8)–(11) and (18) without
considering ammonia vaporization, and determine the tem-
perature profile and the distribution of reaction mixture
composition.

(2) Calculate equilibrium vapor pressure of the reaction mixture at
each point from the composition.

(3) Determine a point where equilibrium vapor pressure equals
reaction pressure; this is the boiling point.

(4) Estimate the latent heat of ammonia vaporization at the boiling
point.

(5) Estimate the quantity of ammonia vaporized based on fact that
the reaction heat that of all of the unreacted EO at the boiling
point is used for the reaction.

(6) Calculate the temperature and composition at the point the
reaction terminates.

(7) Estimate the latent heat of ammonia vaporization at the reac-
tion termination point; then, use this value to correct the
quantity of ammonia vaporized and the temperature at the
reaction termination point.

(8) Determine the apparent heat capacity based on the boiling
point, the reaction termination point, and the reaction heat

evolution.

(9) Integrate the reaction rate equations using this apparent heat
capacity after the boiling point, and determine the temperature
profile and the distribution of the reaction mixture composi-
tion.

.44 mol%; pressure 11.87 MPa, WHSV 3.8 h−1. (b, c) CE 7.80 and 9.18 mol%; pressure
le at CE 9.18 mol%.
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tion between ammonia and EO decreases slightly. Table 3 shows
the product distribution data and the calculated values at various
EO concentrations. Comparing entry 1, where there is no ammo-
nia vaporization, with entry 4 shows good agreement between
observed and calculated values. Comparing entries 2, 5, and 8
68 H. Tsuneki, A. Moriya / Chemical E

Because of lacking the values of various properties are unknown,
any assumptions are necessary to estimate these values when

sing this procedure.

.3.2. Estimation of equilibrium vapor pressure of reaction
ixture

The first problem is estimating the vapor pressure of ammo-
ia. Vapor pressure is not defined above the critical temperature
f ammonia (405.6 K), because saturated liquid does not exist in
hat region. Therefore, it is necessary to postulate the vapor pres-
ure of ammonia. Vapor pressure data is available up to the critical
emperature; hence, the postulated vapor pressure above the crit-
cal temperature can be defined by a linear extrapolation of the
vailable data.

The second problem is estimating the activity coefficient of
mmonia. If the coexistence of EO and ethanolamines at high pres-
ure is taken into account, the partial pressure of ammonia is not
roportional to its mole fraction. The vapor pressure of the reaction

iquid (PR) is presented in Eq. (19) using the correction coefficient
fv) of ammonia activity.

R = f vPNH3 xNH3 + PEOxEO + PMEAxMEA + PDEAxDEA + PTEAxTEA,

(19)

here P and x are the vapor pressure and mole fraction of each
omponent, respectively. The value of fv becomes 0.87 from the
oiling point data of NH3/EO at molar ratios of 10 and 12.

.3.3. Estimation of latent heat of ammonia vaporization
The latent heat of ammonia vaporization cannot be determined

irectly at temperatures above the critical temperature. In gen-
ral, the latent heat of vaporization is estimated using the Watson
elation (20).

2 = H1

((
1 − T2

TC

)
(

1 − T1
TC

)
)n

, (20)

here Tc is the critical temperature, and Hi is the latent heat at
emperature Ti. The critical temperature of a reaction mixture con-
aining EO and ethanolamines is considerably higher than that of
mmonia. Eq. (20) can be applied to the reaction mixture using the
stimated critical temperature. A value of n = 0.38 is generally used
n this equation. When the critical temperature of the reaction mix-
ure is Tcm, the latent heat of vaporization of the reaction mixture
Hv) at temperature T is calculated in Eq. (20), using H1 = 665.7 J g−1

t T1 = 377.6 K (from latent heat data of ammonia).

v = 665.7

(
(1 − T/TCm)

0.06903

)0.38

, (21)

Eq. (22) is used to estimate the critical temperature Tcm of the
eaction mixture.

cm =
∑

i

∑
j

�i�jTcij, (22)

here � and Tcij are estimated by Eqs. (23) and (24), respectively.

i = xiVi∑
jxjVj

, (23)

cij =
√

TciTcj, (24)

here xi, Vi, and Tci are the mole fraction, critical volume, and crit-
cal temperature of the ith component, respectively.
.3.4. Simulation of temperature profile using model of ammonia
artial vaporization

According to simulations using this model of ammonia par-
ial vaporization, considerable suppression of temperature rise is
Fig. 8. Temperature profile at extreme high EO concentration condition. (©) CE

11.06 mol%, (♦) CE 7.80 mol%, Catalyst A, WHSV: 3.4–3.75 h−1, pressure 9.91 MPa,

expected at high EO concentrations, such as 11.1 mol%. Fig. 8 shows
(1) values calculated using this model and the observed data, and
(2) the entire temperature profile of the catalyst bed. Without
ammonia partial vaporization, the catalyst bed outlet temperature
becomes 465 K, hence raising concerns about product qualities,
such as coloration.

Fig. 9 shows the unreacted quantity of ammonia and EO for initial
EO = 1. A considerable quantity of ammonia, much more than that
consumed by the reaction, is lost by vaporization from the reaction
mixture. In the case of high EO concentration, as shown in Fig. 9,
the quantity of ammonia vaporization is 45%, and the concentra-
tion of ammonia in the reaction mixture decreases considerably.
Therefore, the quantity of monoethanolamine formed by the reac-
Fig. 9. Calculated NH3 and EO distribution in the reaction liquid at ammonia partial
vaporization condition. CE 11.04 mol% (NH3/EO molar ratio 8), Catalyst A, WHSV
3.75 h−1, pressure 9.91 MPa.
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Table 3
Product distribution change at ammonia partial vaporization condition.

Entry NH3/EO molar ratio Products distribution (wt%) Vaporized ammonia (%)

MEA DEA TEA

1 14.6 84.70 14.26 1.04 Observed data
2 12.0 80.74 17.66 1.66
3 8.0 69.8 26.4 3.8

4 14.6 84.11 14.77 1.11 Calculated value without vaporization
5 12.0 81.29 17.13 1.59
6 8.0 74.24 22.68 3.05

7 14.6 84.11 14.77 1.11 – Calculated value with vaporization
8 12.0 81.16 17.25 1.58 9.6
9 8.0 70.88 25.33 3.78 45.8

Catalyst A, reaction pressure 9.91 MPa, WHSV 3.4–3.75 h−1,kinetic parameters: ˛ 3.2, ˇ 2.4.

Table 4
Comparison of calculated ethanolamines productivities at various conditions.

Catalyst EO concentration (mol%) Reaction pressure (MPa) Tinlet (K) Toutlet (K) MEA (wt%) Productivity

EAs production rate (kg L−1 h−1) Produced EAs/recycled NH3

B 3.77 12.8 353.2 403.1 80.1 0.47 0.141
B 6.67 12.8 298.2 403.2 70.3 0.22 0.259
A 6.67 12.8 328.2 423.0 83.5 0.69 0.267
A* 6.67 9.9 343.2 413.7 83.0 1.31 0.266
A 3.5
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* 11.05 9.9 318.2 42

atalyst A: modified clay, Catalyst B: ion exchange resin.
* With ammonia partial vaporization.

hows that slight vaporization of ammonia scarcely affected prod-
ct distribution. However, comparing entry 3, which had severe
mmonia vaporization, with entry 6, shows considerable disagree-
ent in product distribution. However, comparing entries 3 and 9

hows that the observed data and calculated values agree within an
cceptable range. This means that this model of ammonia partial
aporization can explain not only the temperature profile but also
roduct distribution.

Table 4 shows ethanolamine productivities calculated for var-
ous conditions (catalyst type, EO concentration, and with and

ithout ammonia vaporization). In the case of the ion exchange
esin, the maximum temperature is limited by its heat resistance
emperature, and this also limits EO concentration and productiv-
ty. For ammonia vaporization, productivity is higher because of the
igh EO concentration. A highly monoethanolamine-selective pro-
ess with high productivity is realized using a modified clay catalyst
nd an ammonia partial vaporization process.

. Conclusion

Accurate temperature profile data were obtained using the pilot

quipment that was packed with the clay catalyst modified with
are earth elements. Revised experimental equations for evaluat-
ng the isobaric heat capacity of the ammonia–EO–ethanolamines
ystem have been proposed based on this data, and a simulation
odel that explains the temperature profile in an adiabatic reactor

[
[
[

70.0 0.64 0.478

was presented. In the case of high EO concentrations at relatively
low reaction pressure, the initial model cannot explain the temper-
ature profile. When the model is revised by considering ammonia
partial vaporization, it demonstrates that reaction heat can be elim-
inated from an adiabatic reactor using the latent heat of ammonia
vaporization. Thus, a catalytic ethanolamine production process
with high productivity and without concerns of deterioration of
product quality has been realized.
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