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Large-scale fatty amine ethoxylation reactor: A dynamic model

Felix Sirovski a,∗, Sergei Mulyashov b, Valery Shvets b

a N.D. Zelinsky Institute of Organic Chemistry, fine Organic Synthesis, 47 Leninsky pr., 119991, Moscow, Russia
b Department of Bulk Organic Chemicals Processing, D.I. Mendeleev University of Chemical Technology of Russia,

9 Miusskaya sq., 125047, Moscow, Russia

Received 10 June 2005; received in revised form 18 November 2005; accepted 7 December 2005

Abstract

This case study investigates the behaviour of a plug flow surfactant reactor. The reaction involves adding ethylene oxide to fatty amine to form
ethoxylated amines with the assistance of water acting as a catalyst. The reactor was modelled using mass and energy balances plus a description
of the kinetics of fatty amine ethoxylation.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Non-ionic surfactants based on ethylene oxide and fatty
mines are widely used as detergents, cleaning agents, they are
lso applied in textiles, oil recovery, etc. [1].

Non-ionic surfactants in question are commercially produced
y the reaction of ethylene oxide and fatty amine.

Many authors addressed the kinetics of amine ethoxylation
nd proposed various models for the reaction [2–9].

Still, application of the kinetic model for the prediction of
erformance of a real-world reactor is a much more ambitious
ask.

Nonetheless, there is no such paper taking further step by
pplying the kinetic model to predict the performance of an
ndustrial reactor. The aim of this work is to fill up this gap and
nd a way to improve the reactor’s operating efficiency.

Quaternary ammonium alkoxides (QAA) that also catalyse
thoxylation are formed in the process as side products. Gener-
lly when building a complete process model one should account
or their formation. However, when considering the first step
addition of ethylene oxide to amines at temperatures exceed-

◦

ity product due to lower polyethylene glycol content. Kinetic
studies in the model system butyl amine–ethylene oxide showed
the identity of rate laws for hydroxide ethoxylation of alcohols
and aminoalcohols.

RNH2
k0−→

C2H4O
RNHC2H4OH

k1−→
C2H4O

RN(C2H4OH)2

k2−→
C2H4O

RN(C2H4OH)nH

where R is alkyl C12–C16, n = 3–18.
Only products with 3–12 mol of ethylene oxide per mole of

fatty amine have the practical applications.
The industrial ethoxylations are carried out mainly in a batch-

wise manner at low concentrations of ethylene oxide in the
reaction mixture. The significant exotherm makes heat removal
a crucial issue, especially due to limitations caused by the prod-
uct quality deterioration at higher temperatures (products tend
to be coloured). There are different ways of carrying out this
reaction in the batch reactor. Usually the process is carried out
in a semi-batch system with ethylene oxide being fed into the
reactor equipped with the mixer and a cooling coil. As the reac-
ng 120 C) their formation could be ignored as our experiments

howed that concentration of QAA under these conditions in
egligible. Autocatalysis of fatty amines ethoxylation in a plug-
ow reactor allows to simplify the process and obtain better qual-

tion proceeds the reaction mixture gets more viscous lowering
the efficiency of mass transfer and, subsequently, the reaction
rate. The reaction time is 12–15 h.

The patent proposing to introduce liquid amine into gaseous
e
a
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thylene oxide greatly increasing the phases’ contact surface
nd shortening the reaction time to 2–3 h was published recently
10].
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Nomenclature

d pipe diameter (m)
Tca cooling agent temperature (K)
Trm temperature of the reaction mixture in the reactor
U heat transfer coefficient (W/(m2 K))
w linear flow rate (m/s)

Greek letters
µam starting fatty amine viscosity (Pa s)
µeo ethylene oxide viscosity (Pa s)
µfeed feed viscosity (Pa s)
µrp reaction products viscosity (Pa s)

The productivity could be further increased by switching to
a continuous process. There are publications showing the pos-
sibility of carrying out the process in a plug flow reactor in a
single fluid phase [11].

The large reaction heat (83.8 kJ/mol of added ethylene oxide)
puts strict limitations on process parameters (pipe diameter,
cooling agent temperature, reactants’ ratio, catalyst concentra-
tion, etc.). This process is more complicated than ethoxylation of
alcohols due to the presence of autocatalysis. This autocatalysis
combined with the large reaction heat makes the danger of a ther-
mal runaway quite real. The building of the computer model of
the plug flow reactor for amine ethoxylation will be of enormous
help in the designing of a large scale process. The develop-
ment of such a model would allow us to predict the perfor-
mance of the reactor at different operating conditions. The opti-
mum reaction conditions could be achieved through computer
simulation.

2. Kinetics model

A simplified reaction scheme for the polyethoxylation of
fatty amines can be expressed in terms of the following two
steps:

(1) R-NH2 + C2H4O
Cat−→R-NH-CH2CH2OH;

(

w

o
p
e
t
0
b
t
e

r

r

rcat1 = k1 · CR-NH2 · CC2H4O · (CH2O + CR-NH-C2H4OH

+ 2 · CR-N(C2H4OH)2)

rcat2 = k2 · CC2H4O · CR-NH-C2H4OH · (CH2O + CR-NH-C2H4OH

+ 2 · CR-N(C2H4OH)2)

r2 = rn + rcat2

where rn is the rate of non-catalytic reaction, rcat1 and rcat2 the
rates of catalysed first and second steps, respectively.

kn = exp

(
15.33 − 15128

T

)
L/(mol min)

k1 = exp

(
11.46 − 5830

T

)
L2/(mol min)2

k2 = 0.89 · k1 L2/(mol min)2

The rate constants for both non-catalytic and catalytic reactions
were obtained experimentally (see Section 3).

The reaction rate is described by the following rate equations:

d[R-NH2]

dt
= k1 · CR-NH2 · CC2H4O · (CH2O + CR-NH-CH2CH2OH
2) R-NH-CH2CH2OH + C2H4O → R-N(CH2CH2OH)2.

here R is alkyl C12–C16, Cat is H2O.
The non-catalysed reaction is possible but in the presence

f water the process is significantly accelerated. All reaction
roducts with significantly acidic properties could also accel-
rate the reaction [12]. We studied the kinetics of ethoxyla-
ion of commercial fatty amines C12–C16 with water content
.01 mol/L. When the water content is less than 1 mol/L it could
e assumed that the catalytic activity of water equals that of
he reaction products. That allows us to write the following rate
quations:

1 = rn + rcat1

n = k · CR-NH2 · CC2H4O
+ 2 · CR-N(CH2CH2OH)2 ) + kn · CR-NH2 · CC2H4O.

(1)

−d[C2H4O]

dt
= k1 · CR-NH2 · CC2H4O · (CH2O

+ CR-NH-CH2CH2OH + 2 · CR-N(CH2CH2OH)2 )

+ kn · CR-NH2 · CC2H4O

+ kn · CC2H4O · CR-NH-CH2CH2OH

+ k2 · CC2H4O · CR-NH-CH2CH2OH · (CH2O

+ CR-NH-CH2CH2OH + 2 · CR-N(CH2CH2OH)2 )

(2)

d[CR-NH-CH2CH2OH]

dt

= k1 · CR-NH2 · CC2H4O · (CH2O + CR-NH-CH2CH2OH

+ 2 · CR-N(CH2CH2OH)2 ) + kn · CR-NH2 · CC2H4O

− kn · CC2H4O · CR-NH-CH2CH2OH

− k2 · CC2H4O · CR-NH-CH2CH2OH · (CH2O

+ CR-NH-CH2CH2OH + 2 · CR-N(CH2CH2OH)2 ) (3)

d[R-N(CH2CH2OH]

dt

= kn · CC2H4O · CR-NH-CH2CH2OH

+ k2 · CC2H4O · CR-NH-CH2CH2OH · (CH2O

+ CR-NH-CH2CH2OH + 2 · CR-N(CH2CH2OH)2 ) (4)
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Fig. 1. Concentration profiles (points, experiment; lines, least squares fit).

This system was solved numerically using Runge–Kutta algo-
rithm under following initial conditions—ethylene oxide:amine
ratio 2:1, amine average molecular weight 213 and reac-
tants’ starting concentrations CC2H4O = 5.4 mol/L; CR-NH2 =
2.7 mol/L. The following experimental temperature depen-
dencies of densities were taken into account in our
calculations.

ρC2H4O = 900.7 − 1.53 · t

ρR-NH2 = 924 − 0.66 · t

t is the temperature in ◦C. We obtained the following con-
centration profiles under isothermal conditions (t = 150 ◦C). In
order to check the developed model we run some experi-
ments in the stainless steel autoclave. The results are shown in
Fig. 1.

2.1. Plug flow reactor model

The reactor has been modelled as a plug flow one. The equa-
tions of mass, energy balances and kinetics of ethoxylation were
simplified subject to the following assumptions:

• the flow is steady, laminar and axial;
•
•

−d[C2H4O]

dl
= k1 · CR-NH2 · CC2H4O · (CH2O

+ CR-NH-CH2CH2OH + 2 · CR-N(CH2CH2OH)2 )

+ kn · CR-NH2 · CC2H4O

+ kn · CC2H4O · CR-NH-CH2CH2OH

+ k2 · CC2H4O · CR-NH-CH2CH2OH · (CH2O

· CR-NH-CH2CH2OH + 2 · CR-N(CH2CH2OH)2 )

(6)
d[CR-NH-CH2CH2OH)2 ]

dl
= k1 · CR-NH2 · CC2H4O · (CH2O + CR-NH-CH2CH2OH

+ 2 · CR-N(CH2CH2OH)2 ) + kn · CR-NH2 · CC2H4O
− kn · CC2H4O · CR-NH-CH2CH2OH
− k2 · CC2H4O · CR-NH-CH2CH2OH · (CH2O
+ CR-NH-CH2CH2OH + 2 · CR-N(CH2CH2OH)2 ) (7)

d[R-N(CH2CH2OH]

dl
= kn · CC2H4O · CR-NH-CH2CH2OH

+ k2 · CC2H4O · CR-NH-CH2CH2OH · (CH2O
+ CR-NH-CH2CH2OH + 2 · CR-N(CH2CH2OH)2 ) (8)
radial velocities are zero;
axial mass diffusion and energy conduction are small.

d[R-NH2]

dl
= k1 · CR-NH2 · CC2H4O · (CH2O

+ CR-NH-CH2CH2OH + 2 · CR-N(CH2CH2OH)2 )

+ kn · CR-NH2 · CC2H4O (5)
This system was solved together with the energy balance equa-
tion.

2.1.1. Energy balance equation for a plug flow reactor∑
(−�Hi) · ri + 4

d
· U · (Tca − Trm) = (w ·

∑
CJ · CpJ)

dT

dl

(9)

The heat of the reaction �H is −100.56 kJ/mol.
The molar heat capacities of reactants and products were cal-

culated according to the equation [13,14]:

Cp =
∑

niai +
∑

nibiT +
∑

niciT
3 +

∑
nidiT

3 (10)

The following values of molar and mass heat capacities were
obtained:

CpR-NH2
= 498.8 J/mol; CpmR-NH2 = 2342 J/kg

CpC2H4O = 80.41 J/mol; CpmC2H4O = 1828 J/kg

CpR-NH-CH2CH2OH

= 576.4 J/mol; CpmR-NH-CH2CH2OH = 2243 J/kg

CpR-N(CH2CH2OH)2

= 672.7 J/mol; CpmR-N(CH2CH2OH)2 = 2235 J/mol

Cpm (rm) = 2159 J/kg
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2.1.2. Viscosity calculations
Kinematical viscosities for the starting amine C12–C16 and

ethoxylation products were determined experimentally.

y = exp

(
a

t + 273
− b

)
,

centistokes, a = 1747; b = 4.39. Kinematical viscosity of
the starting amine and reaction products at 180 ◦C is
5.866 × 10−7 m2/s.

µam = 4.72 × 10−4 Pa s;

µrp = 5.40 × 10−4 Pa s;

µeo = 0.1 × 10−4 Pa s;

µfeed = 1

3
µam + 2

3
µeo = 2.24 × 10−4 Pa s;

log µrm = 1

2
(log µfeed + µrp); µrm = 3.37 × 10−4 Pa s;

Thermal conductivity of the reaction mixture was calculated by
the equation λ = 0.17 − 0.00019t [15], λrm = 0.136 W/(m K).

b
b
r

P

t
a

It is seen that calculations using dimensionless groups (the
Reynolds, Prandtl and Nusselt numbers) give the underestimated
value of the heat transfer coefficient [17]. The higher values of
the heat transfer coefficient were also obtained in ethoxylation of
fatty alcohols C12–C16 on the pilot unit at Shebekino Chemical
Plant [18].

The value of the heat transfer coefficient in the energy balance
was recalculated using the data [15]. The coil 9 mm diameter and
12.5 m length immersed in water boiling under increased pres-
sure was used in the experiments [15] as the reactor. Reactants
preheated to 100 ◦C were fed into the reactor. Authors mea-
sured the temperature profile along the reactor length. The heat
transfer coefficient for the simulation was determined compar-
ing temperature profiles along the reactor length obtained by the
numerical integration of our model and the real ones. As could
be seen from Fig. 2 the best agreement was at U = 450 W/(m2 K).
Fig. 2 shows experimental [15] and predicted temperature pro-
files.

The following dimensionless Eq. (11) is recommended for
the transient flow regime at Reynolds number in the range
2000–7000 [16].

Nu = 0.008 · Re0.9 · Pr0.43 (11)

Umbach and Stein [15] used the following experimental
conditions—Tca = 503 K, d = 0.009 m, w = 0.19 m/s, molar ratio
f
o
[
f
h
t
r
a
s

o

f the h
The value of the heat transfer coefficient is necessary for the
uilding of the complete reactor model. It could be estimated
y Eq. (1) recommended for circular pipes under turbulent flow
egime [16]. For example, for d = 0.068 m and Re = 11,000.

The Prandtl number,

r = Cpm · µrm

λrm
;

he Nusselt number Nu = 0.023 · 110000.8 · 5.9960.3 = 67.2 (1)
nd U = 134 W/(m2 K).

Fig. 2. Determination o
atty amine:ethylene oxide = 1:1, average Trm = 453 K. The value
f the heat transfer coefficient calculated by Eq. (11) from data
15] is 422 W/(m2 K). It should be noted that the error margin
or the values of the heat transfer coefficient obtained with the
elp of dimensionless parameters is about ±20%. It reflects on
he incompleteness of our knowledge rather than the inaccu-
acy of the measurements. So the agreement of values obtained
ccording to the mathematical model and by Eq. (11) is quite
atisfactory.

It was necessary to adjust the heat transfer coefficient for
ur initial conditions as assumed reactants ratio amine:ethylene

eat transfer coefficient.
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Fig. 3. Concentration profiles along the reactor length.

oxide 1:2 was different from one employed by authors in Ref.
[15]. The adjusted value was 650 W/(m2 K). At pipe diameter
0.068 m, Reynolds number Re 7000 and linear flow velocity
2.6 m/min the following concentration and temperature profiles
were obtained (Figs. 3 and 4).

Boiling water was used as the cooling agent and maximum
reactor temperature was 417 K.

Under these conditions the pressure in the reactor will be
0.92 MPa.

Let us consider the stability of the model.

We assumed the turbulent flow with Reynolds number
Re = 11,000 and determined linear velocities providing for this
flow at standard pipe diameters.

We determined temperatures at different pipe diameters
assuming U = 250 W/(m2 K).

The value of the heat transfer coefficient was chosen for the
worst-case real world reactor operation conditions: when tars
that greatly increase thermal resistance are deposited on the
inside wall.

The values of reactor temperature and ethylene oxide con-
version were obtained by the numerical integration of the
model. Molar ratio fatty amine:ethylene oxide was 1:2, heat
carrier temperature 100 ◦C (boiling water), initial tempera-
ture of the reaction mixture 100 ◦C. The integration was
run up to 99% conversion degree. Results are listed in
Table 1.

The maximum reactor temperature is limited by the product
quality requirements (at high temperatures the product becomes
coloured). It is clearly seen that in the framework of the model
the range of reactor diameters when the reaction temperature
does not exceed 480 K, i.e. providing for the acceptable prod-
uct quality is quite limited. Model predicts severe constrains in
the choice of diameter and length of reactor tubes. It would be
hardly possible to build the reactor with the tube length 300 m as
the hydrodynamic resistance will be extremely high. Thus the
acceptable range of tube diameter is 0.032–0.04 m and length
5
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Fig. 4. Temperature profile along the reactor length.
0–100 m. The sensitivity of the temperature profile to the vari-
tion of parameters depends on their starting set [19]. In our case
he model stability is increased with decreasing the pipe diam-
ter and molar ratio ethylene oxide–fatty amine. The stability
s also increased with growth of the heat carrier temperature
nd reactants’ feed linear rate. The model is most sensitive to
he variations in heat carrier temperature. Under certain condi-
ions the change of heat carrier temperature on 1 ◦C could result
n great variations in the reactor temperature (up to 100 ◦C).
he analysis of the model behaviour with the following con-
traints: heat carrier temperature variation ±5 ◦C and reactor
emperature variation ±50 ◦C revealed that at pipe diameter
.045 m the model sensitivity exceeds the acceptable limit of
0 ◦C/1 ◦C.

The results demonstrated that when all ethylene oxide is fed
t the reactor inlet the acceptable range of process parameters is
ery narrow.

able 1
eactor temperatures ad different pipe diameters

(m) w (m/min) Reactor length (m) Tmax (K)

.019 13.9 300 390

.032 8.25 100 470

.04 6.6 50 480

.049 5.4 35 553

.068 3.9 30 607

.079 3.33 27 617

.1 2.65 15 620

.125 2.10 10 637

.15 1.8 8 650
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Table 2
Composition of fatty amine C12–C16 mixture

No. Amine Concentration (%)

1 C10 0.06
2 C11 2.87
3 C12 8.69
4 C13 32.55
5 C14 24.20
6 C15 16.54
7 C16 13.79
8 C17 5.70
9 C18 4.30

10 C19 1.30

3. Experimental

3.1. Materials

For kinetic and viscosity measurements the commercial mix-
ture of fatty amines C12–C16 produced by Volgodonsk Chemical
Plant (Russia) was used. The composition of this mixture deter-
mined by GLC analysis is listed in Table 2.

Ethoxylated derivatives of fatty amines were synthesised by
heating equimolar quantities of fatty amine and ethylene oxide in
stainless steel tubes for 8 h at 110 ◦C till the complete conversion
of ethylene oxide.

3.2. Analyses

GLC analysis was performed on gas chromatograph “Chrom-
5” (Laboratorni Pristroje, Czech Republic) with FID. Glass col-
umn packed with Chromosorb N-Super with 5% SE-30. Injector
temperature 280 ◦C, oven heating rate 10 ◦C/min from 80 to
280 ◦C.

Concentration of starting reactants, reaction products
and QAA were determined by potentiometric titration
[20].

3.3. Kinetic measurements

Fig. 5. Experimental setup for kinetic measurements. (1) Reactor; (2) vacuum
valve; (3) nipple; (4) mercury cistern manometer; (5) scaleplate; (6) thermostat;
(7) magnetic stirrer; (8) bath.

4. Conclusion

The work to date has demonstrated how the computer model
of the ethoxylation plug flow reactor can be used to predict the
performance of a real reactor, i.e. the product distribution and
the temperature profile. The results obtained demonstrate high
sensitivity of the model to the reaction parameters and severe
constrain caused by hydrodynamic restrictions and product qual-
ity requirements. The process becomes viable at pipe diameter
not exceeding 0.04 m and strictly fixed values of feed linear rate,
reactants’ ratio and heat carrier temperature.
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