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Aim and Description of the Dissertation

In this dissertation the main aspects related with the Alkoxylation Reactions for the
synthesis of nonionic surfactants are reported.

The work is divided in two parts. Part | is an introduction to the subject of the work
and an analysis of the state of knowledge in the field of oxyalkylation also covering
the author's earlier works, before his professorial promotion, and Part Il where the
recent results obtained by the candidate on the reactor engineering and
intensification of ethoxylation technology, constituting the essential research part
of the submitted doctoral thesis, were reported.

The following layout of Part | has been chosen: after a description of the properties
of the principal alkylene oxides (ethylene and propylene oxide) (chap.1), a general
survey on the catalysts used in the syntheses are described with the related reaction
mechanisms in chap. 2. A deep report was then done in chap. 3 on the kinetics of the
alkoxylation reaction of fatty alcohols catalyzed by metal alkaline hydroxides.
Subsequently, the mathematical models developed for the simulation of classical
industrial reactors is described in chap. 4., also addressing the problems related to
safety.

The Part Il is the doctoral student's original work contribution in teamwork where he
played a leading or pivotal role, conducted after professorial promotion in June 2017.
Part Il describes the most work of the candidate in the sector of intensification of the
process with the improve of the classical reactors and in evaluation of the possibility
to change the process from semi batch to continuous: in the chap. 5 the model
developed for the new Enhanced Loop Reactor (ELR) was reported (DiSerio, M.,
Russo, V., Santacesaria, E., & Tesser, R., 2021). In chap.6 a review on continuous
reactors for alkoxylation described in patents and scientific literature was reported
(Tesser, R., Russo, V., Santacesaria, E., Hreczuch, W., & DiSerio, M., (2020). In chap. 7
the possibility to use micro or milli reactor in process intensification for ethoxylation
reaction was presented (M Di Serio, 2019), Frontiers in Chemical Engineering 1, 2.).

The issues presented in the work are new and belong to the original achievements of
the author or made in a team where he played a leading or important role, especially
in the field of mathematical modelling, kinetic calculations and creation of advances
in reactor engineering towards increase of productivity and safety of the
oxyalkylation processes.

The work answers fundamental questions about how progress can be made in
increasing the efficiency and safety of the oxyalkyation process, by the postulated
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solutions to make the synthesis process continuous and to realise it in a milli- or
micro-reactor system. The theses postulated are verified by detailed documented
kinetic calculations and mathematical modelling.

The aim of the dissertation is to provide the scientific basis and rationale for further
work on the industrialisation of oxyalkylation processes towards a continuous
synthesis node and the use of microreactor technology in this field.



Part |- State of art in the alkoxylation
reactions

Chapter 1.- Introduction

Alkoxylation reactions involve the reaction of epoxides (generally ethylene oxide or
propylene oxide) with an organic molecule containing an active hydrogen such as
alcohols, phenols, carboxylic acids, mercaptans, and amines (Schachat and
Greenwald 1967; Edwards 1998; Santacesaria, lengo, and Di Serio, 1999).

A large part of the use of alkoxylation reactions is the production of non-ionic
surfactants or ethylene oxide / propylene oxide copolymers (Santacesaria, di Serio,
and Tesser, 2008)

The products of alkoxylation reactions are of great interest for the industry. The size
of the global surfactant market was $ 41.3 billion in 2019 with a share of 37% for non-
ionic surfactant. Other important industries using oxyalkylation include the
production of glycols, alkyl-ether solvents, and high molecular weight polyethers in
processing into polyurethanes and others.

The reactions can give rise to oligomers because the reaction product itself contains
an active hydrogen (see scheme 1-1)

R

O 2
|
RXH + / \ > RyXCH,CH-OH Initiation
R,
Q
'Tz SV, ITZ
R,XCH,-CH-OH _ = R1X(CH2CHO)nH Propagation

R;= H, CHy-, CH4(CH,)-; R,=H, CHs-; X=0, S, NH, COO
Scheme 1-1.

With suitable catalysts, also ethoxylation reactions of esters are possible
(Szymanowski 2008; Di Serio et al. 2015), and in this case with oligomer production
(see for example, scheme 1-2).



0
R,COOCH, + f E ——» R,COOCH,-CH,0-CH; nitiation

o]

1/ \

R,{COOCH,CH,0-CH, ——» R,COO(CH,CH,0) 0-CH,
Propagation
R;= CH5(CH,)
Scheme 1-2.

In this chapter the physico-chemical properties of the most used alkylene oxide
(ethylene oxide and propylene oxide) are summarized.

1.1 Ethylene Oxide and Propylene Oxide

Oxirane rings can easily react under acid, basic and neutral conditions.
Ethylene oxide (EO) is an ether having the oxygen atom in a three-membered ring
(Schachat & Greenwald, 1967).

(@)
61,62“‘?"-7"
1,09 A
Hoige — .0 unH
116’9&/ 1,46 A \
H H Scheme 1-3

The C—0—C bond angle for an epoxide must be 60°, a considerable deviation from
the tetrahedral bond angle of 109.5°. Thus, epoxides have angle strain, making them
more reactive than other ethers.

The principal chemo-physical properties of ethylene and propylene oxide are
summarized in Tab. 1.1-1

From the Tab. 1.1-1 it is evident that both epoxides are highly reactive in air, and they
have to be managed very carefully. It is to point out that the explosion limit of
ethylene oxide is between 2.6 and 100 vol%, that it means that it is possible to also
have the decomposition of ethylene oxide in absence of an oxidant if there is present
an enough ignition energy (1000 m)J).

The boiling point of ethylene oxide is 10.5 °C while for propylene oxide we have 34
°C (a boiling point similar to that of diethyl ether), for this reason, ethylene oxide can



be commercialized only in gas cylinder while for propylene oxide it is possible use
also glass bottles, naturally avoid high temperature.

The heat of reaction of the two epoxide is very high (mainly for ethylene oxide, 2300
ki/kg) and for this reason the main industrial technologies for the alkoxylation
reaction, as we will see later, use the feed batch approach using Nitrogen for reducing
the concentration of epoxides in gaseous atmosphere.

However, the safety problem in the use of alkylene oxides are also linked with their
toxicity. In Tab. 1.1-2 and 1.1-3 the info cards of ECHA (European CHemical Agency)
for ethylene oxide and propylene oxide are reported.

Tab. 1.1-1 Chemo-physical properties of ethylene and propylene oxide

Molar mass, g/mol 44.05 58.08
Melting Point (101.3 kPa), °C -112.5 -111.9
Boiling Point (101.3 kPa), °C 10.5 34.2
Flash Point, °C -57 -37
Critical Temperature, °C 196.0 209.1
Critical Pressure, kPa 7191 4920
Critical Density, Kg/m3 313 312
Critical compressibility factor 0.2588 0.2284
Auto ignition temperature in air at 101.3 kPa, °C 445 449
Explosive limits in air (STP):

.-Lower, vol % 2.6 1.7
.-Upper, vol % 100 37.0
Heat of combustion (25°C 101.3 kPa), kJ/kg -29647 -33035
Heat of Polymerization, kJ/Kg -2324 -1500
Heat of fusion, ki/kg 117.5 112.6
Heat of solution in water at 25°C, klJ/kg -143 -45
Heat of formation of the ideal gas (25°C), ki/kg -1195 -1600
Heat of formation of liquid Alkylene Oxide (25°C), kJ/kg -1766.5 -2080
Cubic expansion coefficient at 20°C, 1/K 0.00158 0.00151
Solubility of Alkylene Oxide in water at 20°C, wt% 73 40
Density at 20°C, kg/m3 0.875 0.83
Vapor pressure (kPa at 20°C) 145.9 57.7
Flashpoint of 1% aqueous solution, °C 31 23

(a) Ethylene Oxide Product Stewardship Guidance Manual. American Chemistry
Council (2017) https://www.americanchemistry.com/EO-Product-Stewardship-
Manual-3rd-edition/

(b) Guidelines for the distribution of Propylene Oxide. Propylene Oxide/Propylene
Glycols Cefic Sector Group (2019). https://www.petrochemistry.eu/wp-
content/uploads/2019/04/CEFIC-PO_GuidelinesForTheDistributionOf-BROCH V04-

pbp.pdf




The two substances are classified toxic, cancerogenic (1B) and mutagenic (1B),
moreover ethylene oxide is classified also as toxic for the reproduction, possible
endocrine disrupting. The exposure thresholds value for Systemic Effects and Local
System of ethylene oxide! are (Long Term Exposition) DMEL? = 1.8 mg/m? and
(Acute/Short Term exposition) DNEL® = 10 mg/m?3, in the case of propylene oxide*
there aren’t threshold value reported for Systemic Effect (Low hazard) while the
values for Local Effect (irritation, respiratory tract) are (Long Term Exposition) DNEL
=2.4 mg/m® and (Acute/Long Term Exposition) DNEL = 170 mg/m?3.

Tab. 1.1-2 Info card ECHA (Last updated: 19/04/2021) of ethylene oxide®

Hazard classification & labelling

Substance identity
EC / List no.: 200-849-9 @ @
CAS no.: 75-21-8

Mol. formula: C2H40 Danger! According to the harmonised classification and
labelling (ATP14) approved by the European Union, this
O substance is toxic if swallowed, causes severe skin burns and

eye damage, is toxic if inhaled, may cause genetic defects,

may cause cancer, may damage fertility and is suspected of

damaging the unborn child, causes damage to organs

through prolonged or repeated exposure, is an extremely
flammable gas, causes serious eye damage, may cause respiratory irritation and may
cause drowsiness or dizziness.

Additionally, the classification provided by companies to
ECHA in REACH registrations identifies that this substance
may damage fertility or the unborn child, is an extremely
flammable gas and may react explosively even in the absence
of air, contains gas under pressure and may explode if heated
and causes skin irritation.

1 https://echa.europa.eu/brief-profile/-/briefprofile/100.000.773

2 Derived Minimal Effect Level (DMEL) is defined as a level of exposure below which the risk levels of cancer
become tolerable.

3 Derived No-Effect Level (DNEL) is defined as the level of chemical exposure above which humans should not be
exposed.

4 https://echa.europa.eu/brief-profile/-/briefprofile/100.000.800

5 https://echa.europa.eu/substance-information/-/substanceinfo/100.000.773 (Last updated: 19/04/2021)




Tab. 1.1-3 Info card ECHA propylene oxide (Methyloxirane)®

EC / List no.: 200-879-2
O CAS no.: 75-56-9
C H3 Index number: 603-055-00-4
Molecular formula: C3H60

Hazard classification & labelling Danger! According to the harmonized

classification and labelling (ATP09) approved by
& the European Union, this substance is toxic in
contact with skin, is toxic if inhaled, may cause

genetic defects, may cause cancer, is an
extremely flammable liquid and vapor, is
harmful if swallowed, causes serious eye
irritation and may cause respiratory irritation.

Additionally, the classification provided by
companies to ECHA in REACH registrations
identifies that this substance is harmful to
aquatic life and causes skin irritation.

6 https://echa.europa.eu/brief-profile/-/briefprofile/100.000.800 (Last updated 19/04/2021)







Chapter 2 — Reaction Mechanisms and Catalysis

The reaction rate of alkoxylation depends on the alkylene oxide used, substrate
structure, temperature, catalyst. Ethylene oxide is mostly more reactive than
propylene oxide. The opposite is true for double metal cyanide catalyst applications,
where propylene oxide is much more reactive. However, this area is beyond
discussion in this dissertation.

2.1 Non catalyzed reaction

The initiation reaction with some substrates can start when the right temperature is
achieved. The reactivity of substrate can be linked with its Bronsted acidity or
nucleophilicity.

Water reacts with ethylene oxide and propylene oxide at 190-200°C without catalyst
to produce ethylene glycol (Yue et al., 2012) and propylene glycol (Martin & Murphy,
2000), respectively. The alkylene oxide reacts with H* present in the water to form an
activated species that reacts with water to produce the glycol (see scheme 2.1-1).

The reaction is an autocatalytic substitution reaction where H,0 is the nucleophilic
specie but, because its autoprotolysis, it also forms the electrophile specie. The
formed glycol can react with alkylene oxide to form oligomers with the same
mechanism.

O +H* O
AvRZ AvRZ
l‘_|+
[ e '?2
HO 4 — HO-CHHC—OH
Ra
R,= H, CHj-

Scheme 2.1-1.

The formation of the higher homologues is inevitable because alkylene oxide reacts
with alkylene glycols more quickly than with water (Rebsdat & Mayer, 2000). The
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yields of oligomers can be reduced using an excess of water. In Industry, a 20-fold
molar excess is usually employed (Rebsdat & Mayer, 2000), and a selectivity around
90% of ethylene glycol or propylene glycol is obtained (around 10% of mono-, di-, and
triethylene glycols).

Also, carboxylic acids can react with ethylene oxide without the presence of catalyst,
as can be seen in Fig. 2.1-1 (Di Serio, di Martino, and Santacesaria 1994).

For this reaction a mechanism with the formation of an activated intermediate has
been proposed (scheme 2.1-2) (Di Serio, di Martino, and Santacesaria 1994)

1.2

1.0 ¢ = il —

0.8 |

04 |

02 |/

00 &
0 50 100 150 200 250 300
Time, min

Fig. 2.1-1. Ethoxylation of laurilic acid performed at 150 °C and 4 atm in the absence
of catalyst (Di Serio, di Martino, and Santacesaria 1994)

6‘”‘<|+

o 0 0 (“?5 9
/N = Ly -
DU Py B
Scheme 2.1-2

In the case of fatty acid, the reaction without catalyst gives only the first adduct
because the nucleophilicity of the product is not sufficient for further reactions.

Fatty ammines react with ethylene oxide without catalyst because the high
nucleophilicity of ammine group (Enikolopiyan, 1976)(see scheme 2.1-3):
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0] '?2
R/NH, + i E —>R,NHCH,-CH-OH
R,

Ry= CHa(CH,),-; R,=H, CHy-

m- ;
Scheme 2.1-3

After the starting an increase in the reaction rate is observed because it is autocatalyzed by
the formation of hydroxy group (Enikolopiyan, 1976) that by binding to oxygen of oxirane
ring favors the alkoxylation reaction (see scheme 2.1.4)

This mechanism also justifies the catalytic effect of water and other acid substances on the
reaction (Mller et al., 2020; SIROVSKI et al., 2006).

RyNH, Scheme 2.1-4

Also, the second hydrogen of monoalkoxylated alkylamines reacts forming the
tertiary dialkoxylated alkylamines. Further alkoxylation to produce polyalkoxylated
amines requires the presence of a catalyst and temperature higher than 150°C (Reck,
1967).

2.2 Distribution of Oligomers

The catalyzed alkoxylation reaction are characterized by the formation of oligomers.
The distributions of oligomers can be very different in dependence of used substrate,
alkoxide, catalyst (see, as example Fig. 2.2-1 and Fig. 2.2-2).
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

EO mol number

Fig. 2.2-1. Oligomer distribution in ethoxylation of dodecanol using different catalysts (Al(OR3)/H25S04
(Edwards, 1998), KOH and Ba(OOC(CH2)10CH3)2 (Santacesaria et al., 1992b) ) for a molar ratio ethylene
oxide reacted/ initial dodecanol equal to 7 (EQ/S°=7).

mol %
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4 5 6
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Fig. 2.2-2. Oligomer distribution in ethoxylation (EO) and propoxylation (PO) of 1-octacanol and 2-
octanol (EO,PO/S°= 0.85-0.88) catalyzed by KOH (DiSerio, Vairo, et al., 1996).
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Considering the reaction scheme 2.2-1

+A40,kg +A0,k; +A0,k; +A0,kp—y
RXH —— RX(A0){H — RX(A0),H — .......—— RX(40),H

Scheme 2.2-1

the differences on oligomer distribution are function of the reactivity of starter (RXH)
and of oligomers with the allylene oxide (AO).

From previous reaction scheme, if the probability of reaction rate of substrate is
equal to that of all oligomers the molar oligomer distribution can be calculated by the
molar ratio of alkylene oxide reacted /initial mol starter (v = AO/S°) using the Poisson
equation as was demonstrated by Flory (Flory, 1940).

NRX(A0);H _, U
Xj=———=¢e "— (2.2-1)
nso i/

Where,
xi = molar fractions of the oligomer |,
Nrxao)iv,= mol of oligomer i

nse = initial mol of starter

In Fig. 2.2-3 an example of oligomer distribution described by Flory equation is
reported. If the probability of reaction of substrate is different from that of oligomers,
the oligomer distribution as function of v = AO/S° and molar fraction of residual
starter (x0) can be calculates using the Weibull-Nycander equation (Schachat &
Greenwald, 1967):
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©
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Fig. 2.2-3. Oligomer distribution in ethoxylation of C12-C14 alcohol (EQ/S°= 2.7) catalyzed by Mg/Al
catalyst (Li et al., 2021).

™t { cyi-11 '
xX; = -3Xg — X —o—|[(c — 1)Inx J} 2.2-2
l (C—l)l 0 0 ]—0 ]l [( ) 0] ( )
where
v+x0—1
cC = — (2.2-3)
Xog—Inxg—1

The value of c¢ in the case of validity of reaction scheme 2.2-1 is liked with the
initiation and propagation reaction probability.

In Fig. 2.2-4 an example of oligomer distribution described by Weibull-Nycander
equation is reported.
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In more general case where all reaction probabilities are different for substrate and

every oligomer, the oligomer distribution is given by the Natta-Mantica equation
(Natta & Mantica, 1952)

-1
o . .
x; = (—1)! l_[}=11 ¢ Xizo%y [Tk=0(c; — ck)l (2.2-4)
k#j
where ¢;jis the ratio between the probability of reaction of oligomer i and substrate.

In Fig. 2.2-5 an example of oligomer distribution that it is not described by Weibull-
Nycander equation, but it is well represented by Natta-Mantica Equation.

35.0

M Experimental —Calculated with W-N equation
30.0

v=3 = =40
x=275 T

mol %

EO mol number

Fig. 2.2-4. Oligomer distribution in ethoxylation of dodecanol alcohol (EOQ/S°= 3) catalyzed by KOH
(T=106°C; Peo =2 atm; KOH 2 % by mol) (Santacesaria et al., 1992a).
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20.0

mol %

15.0
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0.0
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Fig. 2.2-5. Oligomer distribution in ethoxylation of dodecanol alcohol (EO/S°= 2.8) catalyzed by a
Calcium/mineral acid catalyst (T=140-160°C; Peo = 3 atm; Cat. 1% by wt) (Li et al., 2021).

2.3 Acid Catalysts

The difference in oligomer distribution in alkoxylation is strictly linked with the
reaction mechanism.

Cationic Mechanism

Both strong Lewis and Bronsted acids can activate the oxirane ring with a cationic
mechanism:

A

i
H(lf—(sfj‘lz + RXH HOCIHCH;XR + A

R R
Scheme 2.3-1

Where A is H* or the active species of a Lewis acid catalyst, as example SbCls.
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Generally, with the acid catalysts the mechanism is intermediate between Sy1 and
Sn2; the order of the mechanism depends on catalyst, reaction condition and
substrates (steric effect, electronic effect, etc.)(Santacesaria, lengo, and Di Serio
1999). However these influences are less important than in the case of basic catalysts,
and the reactivity of substrates is quite equal to that of oligomers, as a matter of fact
¢ values of Weibull-Nycander equation (2.2-3) is near 1 (Poisson oligomer
distribution, see fig. 2.3-1) or, in general, less than 2 (Schachat & Greenwald, 1967).

Because the influence of steric effect of the substrate is less important than in the
case of basic catalysts, acid catalysts are used to ethoxylate the secondary alcohols
(Baker & Thompson, 1967; Rakutani et al., 1999). For example, in the case of 2-
octanol ethoxylation catalyzed by KOH a c value of Weibull-Nycander equation equal
to 11 is derived on experimental data (DiSerio, Vairo, et al., 1996) while by using
SnCls as catalyst c is 1.2 (Baker & Thompson, 1967). In fig. 2.3-2 the calculated
oligomer distribution is reported for comparison when v =EOQ/S°= 1.0.

35.0

M Experimental —Calculated with Poisson equation
30.0

25.0

20.0

mol %

15.0

10.0

5.0

0.0
0 1 2 3 4 5 6 7 8 9

EO mol number

Fig. 2.3-1. Oligomer distribution in ethoxylation of hexyl alcohol (EO/S°= 4.04) catalyzed by SbCls
(Schachat & Greenwald, 1967).
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0 1 2 3 4 5 6 7 8 9

EO mol number

Fig. 2.3-2. Oligomer distribution in ethoxylation of 2-octanol calculated with Weibull-Nycander
equation for v=EO/S°=1 and two different catalysts (KOH and SnCls) using the ¢ parameter derived
from experimental data (Baker & Thompson, 1967; DiSerio, Vairo, et al., 1996).

The acid catalyst is industrially used only in case of ethoxylation of secondary alcohols
(Baker and Thompson 1967; Rakutani, Onda, and Inaoka 1999) because these
catalysts also promote the formation of by-products, with the following mechanism
(see scheme 2.3-2, (Schachat and Greenwald 1967)).

The formation of by-products is minimized by synthetizing products with EQ/S°
maximum equal to 3. To obtain product with higher EO/S° value, secondary
unreacted alcohol is removed by distillation, and the ethoxylation is continued using
a basic catalyst (Rakutani, Onda, and Inaoka 1999).
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RX(CH,CH,0),CH,CH,OH + H*

|

RX(CH,CH,0),CH,CH,0H,

/N

H,C CH, H,C —CH,
RX(CH,CH,O),._,CH.CH,S_)\E{ O RX(CH,CH,0),_:CH,CH, Q /0
| H,C—CH,
CH,
+H,0 +H,0
u,c|:——c|-1z HC — C{,:
RX(CH,CH,0), ,CH,CH,0H, + o\rc{ 0 RX(CH,CH,0), _,CH,CH,0H, + O /0
| H,C—CH,
CH;

Scheme 2.3-2 (from (Schachat & Greenwald, 1967))

Lewis’s acid catalyst (transition metals) can promote the ethoxylation also through a
non-ionic coordination-insertion mechanism. The alkylene oxide molecule
coordinated with a dative bond of oxygen to the metal atom is inserted between the
metal and the coordinated substrate. In general, this type of catalysts in ethoxylation
of primary alcohols give place to a narrow range oligomer distribution (Santacesaria,
lengo, et al., 1999).

Different type of catalysts has been proposed in the literature (Edwards, 1998) and
in Tab. 2.3-1 a selection of these is reported.

Tab. 2.3-1. Narrow range acid catalysts (Transition Metals)

Catalyst Reference

Metal acetylacetonates (Ploog, 1988b)

(A|3+, Cr3+, Fe3+, Mn3+, Sn2+, Ti4+, an+’ Zr3+)

Al(i-OPr)3 + H,SO4 (Edwards 1987; Di Serio, lengo,
et al. 1996)

Al(i-OPr)3 + H3PO,4 (Edwards, 1988)

Al alkoxide + H,SO, + catalytic amount of water (Edwards, 1989)

Al alkoxide + citric or tartaric acid (Behler et al., 1994)

Ti(OR)s or Zr(OR)s+ H2SO4 (Ploog 1988a; Di Serio et al.
1998)
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The kinetics and reaction mechanism of Al(CH3(CH.)110)s + H2SO4 Catalyst was deeply
studied (Di Serio, lengo, et al. 1996; Improta, Di Serio, and Santacesaria 1999).

The presence of sulfuric acid strongly increase the activity of ethoxylation reaction in
respect to the use of Al(CH3(CH.)110)s alone, see fig. 2.3-3.

IR and ?’AI-NMR characterization indicated that in solution is bridging bidentate
coordinated sulphate species are predominant.

Al O 0 —Al
\N /
/S\\

0”7 Yo

Theoretical calculation showed that the presence of the sulphate group in a bridging
bidentate coordination, because its electron-withdrawing effect makes aluminum
atoms more positively charged, consequently, more electrophilic. This effect favors

the reaction of ring opening of oxirane, in initiation and propagation stage (see
scheme 2.3-3).

3.0

-@-AI(OR)3 —@—-AI(OR)3/H2504

0 20 40 60 80 100 120
Time, min

Fig. 2.3-3. Ethoxylation of dodecanol acid at 150 °C and 2 atm in the presence of aluminum alkoxide

(AI{OR)3) or aluminum alkoxide sulphate catalyst (Al(OR)3/H2504 = 1/1). Cat= 1.5% mol. (DiSerio, lengo,
et al.,, 1996).
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In reaction scheme 2.3-3, the first step is coordination of the ethylene oxide adduct
to an aluminum atom, displacing a dodecanol molecule.

RO -ROH RO \ RO
Nar” .
/ (A ki /N7
chacn * RO/N\ - CH/|O/' > N AN
2 ai s [e)
L Kej \CHz Initiation CHz/
RO
R/O . 7 proton transfer / a7
ciz Al + ROH = Chy AL
[ o~ K | or
cH = T“’
o OH
/
KepTl + CHz .>0Hz
CHy—CH '
Czo—/ 2 EE o _ / ... to proton transfer
- 0
CH \‘Al\ propagation 4 ]\
2— o7 CHKO/ \
Cin (J:Hz ... to propagation steps
RL H2

R
Scheme 2.3.3 from (Improta et al., 1999)

The electrophilicity of active aluminum atoms weaken the OC bonds in the oxirane
moiety making the opening of the oxirane ring much easier. The chain can grow
further (propagation) or exchange the proton with a free hydroxyl group (proton
transfer). Theoretical computations that, after the insertion reaction has occurred,
the ethoxylated chain folds on itself to coordinate the ethereal oxygen atom to
aluminum. This bonding interaction provides a stabilization decreasing the
probability of a successive ethylene oxide coordination, and so decreasing the
reaction rate, as can be seen in fig. 2.3-3. However, this effect favors the initiation
stage with a consequent higher starter consumption and narrow range oligomer
distribution (see fig. 2.3-4).
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Fig. 2.3-4. Oligomer distribution in ethoxylation of dodecanol (EOQ/S°=2.5) with two different catalysts
(KOH and AI(OR)3/H2S04 = 1/1) (Di Serio, lengo, et al. 1996).

It has been demonstrated that also double metal cyanide (DMC) catalysts
(M™X[M?(CN)e]yL (M' = Zn?*, Fe?* or Ni?*, M? = Fe3* or Co*®*, L= H,0, F, CI-, Br-, I-, alcs.,
glycols, ethers or polyethers), generally used in the polyether polyols synthesis, can
be used as very active catalyst in ethoxylation of fatty alcohol (rate of reaction
(8eo/(8cat8sub h) at 130-140°C, 0.3-0.5 MPa with KOH = 3.4, with DMC = 23.8) giving
place narrow oligomer distribution. In this case the reaction mechanism should be
different from that described, because non deactivation has been observed during
the reaction until an EQ/S°® = 4.5 (Janik & Chrusciel, 2015). Moreover, the catalyst is
very active also in the ethoxylation of secondary alcohols, obtaining a narrow
oligomer distribution and low by-products concentration until a value of EQ/S° = 6
(Hreczuch et al., 2016)(see fig. 2.3-5).

For this type of catalyst, a coordinative cationic polymerization mechanism has been
proposed (see scheme 2.3-4 for propoxylation reaction (Zhang et al., 2007)). From
the proposed mechanism, it can be assumed that the narrow range distribution is
due to the rapid exchange (steps 5 and 7 in scheme 2.3-4)
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Fig. 2.3-5. Oligomer distribution in ethoxylation of 2-ethyl hexanol obtained with KOH and DMC
catalyst for EO/S°=6 (Hreczuch et al., 2016).

£y o om
() . H —eN & — E i
e & o M s “‘nr."'a\
L SR u‘:z o = N
= AT i3 W
N OROUMD (0 pcoin® waoy’t o
/’"‘\u i
—N
| 4)
1 for BOOM, M0
—cN
o
o n}-rr "”j/\‘*“" L " ::nq"’
wl oy — 0
ChHy (5} I
‘H_‘--’.
o vl
i () -}

CHy

Scheme 2.3-4 Polymerization mechanism for propoxylation reaction with DMC catalyst (from
(Zhang et al., 2007))



2.4 Basic Catalysts

Basic catalysts are the most used in the industry. These catalysts are hydroxides,
oxides, or methyl alkoxides of alkaline or alkaline earthy metals. The most used are
NaOH and KOH. The kinetic behavior and the consequent oligomer distribution
depends strongly by the used substrate, because in this case the reaction mechanism
is SN2 between alkylene oxide and the ionic couple formed in the reaction mixture
(Schachat & Greenwald, 1967).

In the case of basic catalyst, the reaction scheme is more complex than that of
scheme 2.2-1. The first stage in the reaction is the ionic couple formation, as an
example, for an alkaline metal hydroxide:

RXH + MOH RX-M* + H,0}

Scheme 2.4 -1

In general, before the addition of alkylene oxide the reactor is purged with nitrogen
to remove oxygen (for safety reason) e and water (to reduce the formation of by-
products).

The ionic couple reacts with alkylene oxide (initiation reaction), and in the case of
ethylene oxide we have:

CH—CH, — RXCH,CH,OM*

o
Scheme 2.4-2

Then the propagation reactions are possible:

k
RXCH,CH,O0M* + EO —> RX(EO), M*

k
RX(E0),M* + EO —— RX(EO),M*

k;
RX(EO)M* + EO —> RX(EO)., "M*

i+1
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Scheme 2.4-3

Considering that a SN2 reaction mechanism is operative the general reaction rate
equation is

1. = k) [RX(E0); M*][EO] (Eq. 2.4-1)

However, the oxyalkylene anions are involved also in proton-transfer reactions:

K

el

RX'M* + RX(EO)H =— RXH + RX(EO),M*

Scheme 2.4-4

And the following general equilibrium equation can be written:

[RXH][RX(EO); M*]
[RX~M*][RX(EO);H]

K, = (Eq. 2.4-2)

The values of ki and Kei are strongly linked with the acidity of substrate and oligomers.
As a matter of fact, strong acid molecules give place to a weak nucleophilic anion
even if favors their formation. The values of ki and Ke; influence the reaction rate and
the oligomer distribution.

In fig. 2.4-1 the consumption of ethylene oxide vs reaction time, for 3 different
substrates (dodecanol, nonylphenol and dodecanoic acid) is reported, using KOH as
catalyst.

Dodecanol shows a quasi-linear trend of the ethylene oxide consumption,
nonylphenol has two consecutive linear trends, with an increase in reaction rate in
the second trend. Dodecanoic acid has an initial curve that arrive at a plateau
followed by a linear trend. Also, in this case the reaction rate increases with respect
to the initial reaction rate.

The behavior of dodecanol can be explained considering that the formed oligomers
being linear alcohols, have quite the same nucleophilicity of initial substrate that is
an alcohol (see scheme 2.4-5).

The consequence is that the reactivity of ion pair of substrate and oligomers is the
same (ko= ki=...=ki=...=...) A Poisson distribution of oligomer could be forecasted by
this observation and reaction scheme 2.2-1 but the obtained oligomer distribution
(see fig. 2.2-4) can be described only with the use of Weibul-Nicander
equation(c=4.0).
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Fig. 2.4-1. EO consumption for 3 different substates Dodecanol (106 °C, Peo= 2 atm, KOH= 2 % by mol),
Nonylphenol (73°C, Peo= 1atm, KOH =1.9% by mol), Dodecanoic Acid (T= 120°C, Pto= 4 atm, KOH= 1%
by mol) (Santacesaria et al. 1990; Di Serio, di Martino, and Santacesaria 1994; Santacesaria et al.
1992a).

k
RO'M* + EO —— ROCH,CH,0'M*

ky
ROCH,CH,0'M* + EO — ROCH,CH,OCH,CH,0"M*

K.
RO"M* + RO(CH,CH,),0H =—=5 RO(CH,CH,),0-M*

Scheme 2.4-5
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In the case of described kinetic mechanism of basic catalyst, if the propagation kinetic
and Equilibrium proton-transfer constant are independent from the molecular
weight of the oligomers (ki= kz=...=ki=...= kp and Ke1= Kez=...=Kei=...= Ke) the parameter
c of Weibul-Nicander equation is given by the following equation:

c= ﬂKe (Eqg. 2.4-3)
kp

In the case of dodecanol ko=kpand so c=Ke

The value of Ke > 1 can be justified considering that the oligomers can stabilize the
ionic couple because the presence of ether oxygen in the structure (Bialowas &

Szymanowski, 2004; Santacesaria et al., 1992b):

CH,—CH
2 ? Scheme 2.4-6

This type of interaction can justify also the behavior of barium-based catalysts that
give place to narrow range oligomers distributions (see for example Fig. 2.4-2)

12 CARBON ATOM ALCOHOL PLUS
S MOLE ETHYLENE OXIDE
RELATIVE DISTRIBUTION

P NaOH

RELATIVE WEIGHT, PERCENT
» 4]
l i

L

(o] 2 494 (=3 8 10
ETHYLENE OXIDE NUMBER

Fig. 2.4-2. Comparison of Oligomers Distribution obtained in tehoxylation of dodecanol using NaOH
or BaO as catalyst at EO/S=9 (Yang, 1980).

27



In the case of barium, has been demonstrated that the equilibrium constants of
scheme 2.4-5 are different until the 4™ oligomer ( Ke1# Kez2# Ke3 # Keq = Kes=..... Ke)
(Santacesaria et al., 1992b). The first constant (Kez)has about the same value as for
potassium, then we have decreasing values until Kes which is 60% lower. This low
value of the proton-transfer equilibrium constant is responsible for the narrow range
distribution compared to potassium. The different behavior of barium compared to
potassium can be explained by assuming a tight structure for the potassium ion pairs.
Therefore, potassium can interact only with the last uncharged oxygen before the
negative charge of the anion, giving rise to complexes of the same stability for every
oligomer (see scheme 2.4-7).

+
“va~~

- .~
v -~
o’ .~

~ 0"

RO — (CH,CH,0) ..p—CHp—CH,— O p
CHZ —CHz

Scheme 2.4-7

On the contrary, the second charge of barium may interact with more than one
oxygen, giving rise to complexes different from scheme 2.4-7; that is, barium cation
ionic pairs of oligomers may be more solvated than the corresponding potassium
ionic couples.

The ethoxylation of nonylphenol (a phenol) gives place to oligomers (alcohols) that
are less acid (and so higher nucleophilic) than the starter:

k
R@-ow +E0 —— R@-OCHZCHZO’M+
ky
R@-OCHZCHZO'M’f +EO —» R@- OCH,CH,0CH,CH,OH

Scheme 2.4-8

It can be noted in fig. 2.4-1 that the increase in reaction rate starts after EO/RXH® =
1. This correspond to quite total consumption of the nonylphenol before the start of
propagation reaction (ko< kp ), as can be seen in fig. 2.4.3 (240 min).
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Fig. 2.4-3. Oligomer distribution in Ethoxylation of Nonyphenol (73°C, Pto= 3 atm, KOH= 1.9% by mol)
(Santacesaria et al., 1990).

Notwithstanding the propagation constant is higher than the initiation constant the
reaction of the starter is favored because being more acid the proton-transfer
equilibria 2.2-4 is shifted to the left (K. < 1).

The behavior of ethoxylation of fatty acids catalyzed by basic catalysts is peculiar. As
can be seen from fig. 2.4-1 the consumption of Ethylene oxide reaches a plateau
when the ratio EQ/Substrate is equal to 1, after a long induction period the reaction
rate increase and becomes constant. This trend can be again justified considering the
acidity of fatty acids is enough to catalyze the ethoxylation reaction without catalyst
(see fig. 2.2-1), when the concentration of fatty acid became low (EO/Substrate = 1)
the reaction rate became very low even because the activity of carboxylate anion
(that are poor nucleophilic character) is low (ko << kp). In this situation, until there is
the presence of fatty acids the equation 2.4-4 is completely shifted to the left (Ke <
<1) and because the low concentration of alkoxylate the propagation reactions is
poorly active. This fact can be seen clearly in fig. 2.4.-4, where until 353 min. an
accumulation of first oligomer is observed.
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After the complete consumption of fatty acids, the formation of alkoxylate is possible
and the propagation reaction is fully operative.

100

B Dodecanoic Acid (DA) ®EDA+1EO HEDA+2EO DA+3EO
90

B (%) [e2) ~ o]
o o o o o

Oligome disribution (% mol)

w
o

20

10

77 163 353 383 391
Reaction Time (min)

Fig. 2.4-4. Oligomer distribution (monoesters) obtained in the ethoxylation of dodecanoic acid
(T=120°C, Peo= 4 atm, KOH =1% by mol) (Di Serio, di Martino, and Santacesaria 1994).

The ethoxylation reactions of fatty acids catalyzed by basic catalysts have another
important peculiarity. The ethoxylation reaction of fatty acid give place to a
monoester that have also an alcoholic functional group, these products in the
presence of a basic catalyst can give place to the transesterification reaction reducing
diesters and polyglycols:

RCOO(EO),OCR+HO(EO), . H

RCOO(EO),H + RCOO(EO), H

7\

RCOO(EO),0CR+HO(EO),,H

Scheme 2.4-9
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The importance of the phenomena can be seen in fig. 2.4-5 were the molar ratio
diester/(diester + monoester) determined in run reported in fig. 2.4-1 are reported

0.3

0.25

0.2

0.15 f

Diest./(Diest. + Monoest.)

0.05 f

o 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Reaction Time (min)

Fig. 2.4-4. Molar Ratio Diester (D)/(Diester (D) + Monoester (M)) determined in dodecanoic acid
ethoxylation at 120°C, 4 bar, 1% by mol KOH ((Di Serio, di Martino, and Santacesaria 1994).
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Chapter 3.- Kinetics of the alkoxylation reaction of
fatty alcohols catalyzed by metal alkaline hydroxides.

In this chapter we present the results obtained in the study of alkoxylation kinetics of
fatty alcohols catalyzed by alkaline catalyst like KOH, NaOH or related alkoxides, that
is, nowadays, the most used technology for surfactant synthesis.

3.1 Experimental

Reaction

The reaction is studied in laboratory by using well-mixed semi batch reactors (See
Fig. 3.1.1).

Either ethylene oxide (EO) or propylene oxide (PO) is gradually added to the solution
of an alkaline catalyst (MOH or MOR) in the liquid initiator previously heated to the
reaction temperature, normally maintained in the range of 120-200°C. Before the
adding of alkylene alkoxide the reactor is flushed with N, to remove oxygen of Air and
water or low boiling alcohol that is formed during the preheating stage in the
formation of fatty alcohols alkoxide (see scheme 2.4-1). The gas phase pressure is
kept constant at a level of 0.2-0.5 MPa through continuously feeding the alkylene
oxide reagent by opening an automated control valve. The reactions are highly
exothermic (~83.7 kJ/mol?) and require efficient heat transfer to avoid the danger of
leakage particularly dangerous due to the possible intervention, at high temperature,
of explosive side reactions related to the decomposition of ethylene oxide or
propylene oxide (Pekalski et al. 2004). The presence of internal cooling coil is useful
to extinguish the reaction in case of loss of control. EO and PO, under the above
temperature conditions, evaporate rapidly and are partitioned between gas and
liquid phases. The reaction occurs in the liquid phase between the starter and the
gaseous reactant dissolved in the starter. To study the reaction kinetics, it is
important, first, to create a large gas-liquid interface area to avoid mass transfer
limitation. The high gas-liquid interface was achieved by using a perforated stirrer.

The EO bottle is on a scale and is weighed during testing, allowing measurement of
the alkylene oxide added to the reactor. The reactor is also equipped with a line for
taking samples during kinetic runs.
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Fig. 3.1-1. Scheme of the laboratory reactor for studying polyalkoxilation reactions. 1=EO bottle, 2=on—
off solenoid valve, 3= Jacketed reactor, 4=Computer interface, 5= Thermocouple, 6=Pressure
transducer, 7= Line for samples, 8= Freezing coil, 9-10 = Magnetic driven holed stirrer.

Samples Analysis

For the analysis of samples of the reaction mixtures taken at different times, two
analytical methods where used (HPLC (Santacesaria et al., 1992a) and GC (DiSerio,
Vairo, et al., 1996)).

In the case of dodecanol ethoxylation, samples were derivatized with 3,5-
dinitrobenzoyl chlorides (Desbéne et al., 1987) and analyzed by the HPLC technique.
The elution gradient technique was used (solvent A (99/1 (v/v) = n-heptane/CHCl,-
2-propanol (95/5)), solvent B (50/50 (v/v) = n-heptane/CH,Cl,-2-propanol (95/5)).
Solvent B was increased from 0 to 100% during the first 50 min., then only B was fed
for 15 min. and from 65 to 80 min. B was reduced from 100 to 0%.
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Fig. 3.1-2. Example of chromatogram obtained by HPLC. Numbers are related to the EO adducts in the
molecule. The first peak is the excess of derivatizing agent. Reprinted with permission from
(Santacesaria et al., 1992a). Copyright 1992 American Chemical Society.

The solvent feed rate was 1 cm3/min. A 25 X 0.4 cm column of Lichrospher 100 Diol
supplied by Merck Co was used, and the UV detector was fixed at 254 nm. The
different oligomers were recognized by injecting standard monodisperse samples
provided by Nikkol Chem. Co. Figure 3.1-2 shows an example of the chromatograms
obtained.

The ethoxylated and propoxylated oligomers of 1-octanol or 2-octanol were analyzed
by gas chromatographic technique. A 0.2 pL portion of solution (0.03 g of the reaction
sample dissolved in 4 cm3 CHCI3) was injected ontoa 25 m x0.32 mm i.d., HP1 column
(100% dimethylpolysiloxane rubber) and analyzed by taking the temperature to 80 °C
for 1.5 min. and then heating at a rate of 10 °C/min. to 320 °C. FID detector
maintained at 350 °C was used. Oligomer response factors were calculated as
suggested by literature (Milwidsky & Gabriel, 1982) and were verified based on the
mass balance of epoxide consumption.

Propylene oxide molecule could generate primary or secondary alcohols when ring
opening occurs as a result of nucleophilic attachments to the methylene (1) or
methyne (2) group (see scheme 3.1-1):
i
o) 1 ROCH, —CHO-M*
RO-M* + CHZ—CH—CHg/

1 2 2\\ |CH3

ROCH—CH,O-M*

Scheme 3.1-1 Possible propoxylation reaction pathway
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To investigate this aspect the propoxylated samples of 1 and 2-octanol were analyzed
by 13C NMR using a 270 MHz Bruker apparatus operating at 67 MHZ, determining the
signal areas concerning primary alcohol (8) 62.4 ppm and secondary alcohol (6) 66.0
ppm of samples dissolved in CDCI3. Acquisition times of 6 s were applied with no
delay between pulses. The pulse angle was 90°C and the spectral amplitude was 1360
Hz. Data were processed with an exponential weighting function (weight) 0.3 Hz
before transformation to reduce noise. Chemical changes were referenced to
tetramethylsilane as an external reference. In Fig. 3.1-2 the 3C NMR spectra of
sample obtained with propoxylation of 1-octanol are reported, the concentration of
primary alcohol determined with NMR is equal to that obtained with GC analysis,
moreover in the propoxylation of 2-octanol no signals of primary alcohol were
observed in 3C NMR spectra. These results confirmed those for propylene oxide
polymerization (Schilling & Tonelli, 1986) and for methanol and isopropanol
propoxylation (Gee et al., 1959, 1961), that demonstrated that the reaction at the
methyne group is negligible in comparison with that occurring at the methylene

group.

Fig. 3.1-2. 3C NMR spectra of sample obtained in propoxylation of 1-octanol.
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Density Measurement

The reaction produces oligomer mixtures that have different mean molar mass and
different density of starter with a consequent increase of liquid volume. To describe
the kinetic of the system it is necessary to know how the density changes with the
temperature and composition of liquid phase. For this objective density
measurements of starter and products with different AO/S ratio at different
temperatures, were done using a pycnometer.

The density of alkylene oxides (pao) can be calculated with the method proposed by
Yen and Woods (Yen & Woods, 1966) using the critical parameters (zc critical
compressibility factor, critical density, T, critical temperature (K)) reported in Table
1.1-1:

1 2 i

pﬂ:1+A(1—T1)§+B(1—T1)§+C(1—T1)3 (Eq. 3.1-1)

Pc c c c

A = 17.4425 — 214.578z, + 989.625z% — 1522.0623
B = —3.28257 + 13.6377z, + 107.484422 — 384.211z3
C = 60.209 — 402.063z, + 501.022 + 64123

Alkylene oxides Solubility

Ethylene oxide and propylene oxide solubility runs were carried out in thermostatic
autoclaves by introducing a weighed amount of dodecanol or its ethoxylated
derivatives (Ws). Weighed amounts of ethylene oxide or propylene oxide (Wao) were
then added at a prefixed temperature, and equilibrium pressures (P) were measured
by a pressure transducer. The vapor phase had been considered ideal in calculations
because the low considering pressure and the volume of alkylene oxides and
substrates are considering additive. On this basis the following balance equations can
be written:

VR = VG + VL (Eq 31'2)
VL = VAOL + VS (Eq 31'3)
RT
VG S TlAOG _P (Eq 31'4)
A0
PM
Vaor = Naor —= (Eq. 3.1-5)
pPao

37



Ws

VSL = p_ (Eq 31‘6)
s
w
PMZOO = nAOG + nAOL (Eq 31‘7)
_Wao RT Wg
PM 40P
Mol = (pro"_ﬁ)ps (Eq. 3.1-8)
pPa0 Pao
—Ws .
ng = T (Eq. 3.1-9)
_  naoL _
Xp0 = ——— (Eg. 3.1-10)
[A ]=n% (Eq. 3.1-11)

3.2 Results and discussion

3.2.1 Density

Values of measured density of dodecanol and corresponding oligomers as function
of temperature are reported in fig. 3.2-1.

The data of fig. 3.3-1 can be interpolated with the following polynomial empirical
expression:

AOR
SQ

AOpr

ps() =A+B =

)2 +D (Aff)3 + E9 (Eq. 3.2-1)

+c

Table 3.2-1 presents the value of parameters of equation (3.2-1) for dodecanol
(Santacesaria et al., 2018) and for 1 and 2-octanol (DiSerio, Vairo, et al., 1996)
alkoxylated products.
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Fig. 3.2-1 Density of dodecanol and its oligomers as function of temperature Reprinted with
permission from (Santacesaria et al., 1992a)Copyright 1992 American Chemical Society.

Table 3.2-1 Parameters of Eq. 3.2-1 for calculation of density (g/cm?3) dodecanol (Santacesaria et al.,
2018) and for 1 and 2 octanol (DiSerio, Vairo, et al., 1996) alkoxylated products and range of

applicability.
Substrate  AO A B C D E AORr/S°
max
Dodecanol EO 0.860 2.50x102 -4.76x10* -2.59x 10° -7.7 x10* 15
1-Octanol EO 0.860 0.07 - - -9.0x 10" 1
1-Octanol PO 0.860 0.05 - - -9.0x 10* 1
2-Octanol EO 0.826 0.14 - - -7.0x10* 1
2-Octanol PO 0.826 0.06 - - -7.0x 10* 1
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3.2.2 Solubility

Alkylene oxide is partitioned between the liquid and vapor phase, and the partition
coefficient changes according to the organic substrate used, temperature, pressure,
and extent of the reaction. Reaction products are oligomers of different molecular
weights that is, the reaction environment gradually changes and alkylene oxide
solubility changes consequently. It is of great importance, therefore, to know the
alkylene oxide solubility in the reaction mixture at any time because the reaction rate
directly depends on the alkylene oxide concentration in the liquid phase.

The solubility of alkylene oxides can be determined as described in section 3.1 or
predicted using predictive methods as UNIFAC (Fredenslund et al., 1977).

In table 3.2-2 the measured solubilities of dodecanol and ethoxylated dodecanol are
reported.

The results of Table 3.3-2 are reported in Figure 3.3-2 in the form of natural logarithm
of partition coefficients K = PEO/XEO versus 103/T.

As can be seen, because the obtained linear trend, the ethylene oxide solubility
complies with Henry’s law in all the considered cases.

The data of Fig. 3.2-2 can be descried with a polynomial equation.

EOg

InK = 6.544 — 0.13774 =

EO
FOn\3 —17066—3.1084—X
_R) n 5
o T

0

+7.6328 1073 (’5,5&)2 -

1.2751 10-4( (Eq. 3.2-2)
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Table 3.2-2 Ethylene Oxide Partition Data at Different Temperatures in 1-Dodecanol and Ethoxylated
Dodecanol with Different Average Numbers of Ethylene Oxide. Reprinted with permission from
(DiSerio et al., 1995) . Copyright 1995 American Chemical Society.

Pgo (atm) Pgo (atm)
xgo T70°C 99°C 150°C =xgo 70°C 99°C 150°C
Dodecanol
0.036 0.55 0.248 1.15
0.039 0.33 0.278 1.95
0.059 0.35 0295 1.35
0.072 0.90 0.310 2.25
0.077 0.54 0.338 1.55
0.105 1.31  0.347 2.55
0.112 0.73 0375 1.71
0.130 0.68 0.386 2.70
0.136 1.70  0.409 1.90
0.161 1.01 0.417 3.15
0.165 2.07 0439 2.07
0.193 0.90 242 0467 221
0.204 1.34 0.492 2.37
0.231 294 0521 25
0.242 1.65
Dodecanol + 4.3EO
0.094 0.72 0.336 1.40
0.102 0.40 0.355 2.80
0.134 0.43 0.370 1.58
0.154 1.03 0.381 1.08
0.187 0.73 0.399 1.80
0.203 1.38  0.426 2.00
0.237 0.64 0.434 1.24
0.248 1.70  0.478 1.40
0.259 1.00 0.515 1.55
0.287 2.08 0542 1.68
0.300 1.20 0.567 1.81
0.317 0.89 0.589 1.95
0.323 2.45 0.600 2.00
Dodecanol + 15EO
0.200 0.24 047 1.17  0.520 4.00
0.300 0.70 2.00 0600 106 235

0400 047 1.06 2.70  0.800 2.35

However, this equation cannot be used for extrapolation that needs the use of
thermodynamic model. Two models have been considered: NRTL (Renon & Prausnitz,
1968) and WILSON (Wilson, 1964). With these two models it is possible to calculate
the activity coefficients yao in liquid phase and consequently the equilibrium alkylene
oxide liquid concentration using the following relation:

Xy = —A0 (Eq. 3.2-3)

YaoPlo
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Fig. 3.2-2. Van’t Hoff type plot for the Henry solubility constant (K, atm) of ethylene oxide in 1-
dodecanol and in ethoxylated dodecanol with different average number of EO adducts. Number of
adducts: (0) 0, ( <)2.1, (A) 4.3, (1) 14.5. Reprinted with permission from (Santacesaria et al., 1992a)
Copyright 1992 American Chemical Society.

Where the vapour pressure of alkylene oxides P°ao can be calculated using the
Antoine Equation (Prausnitz & Anderson, 1980):

2568
16.74= 73501
PR, (atm) = =Z——— — (Eq. 3.2-4)
2108
15.32—m
PR, (atm) = eT (Eq. 3.2-5)
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The solutions are considered as pseudo binary mixture alkylene oxide — substrate
characterized by the medium mol of ethylene oxide reacted per mol of substrate
(AORr/S°). The NRTL equation for a binary system can be written as follows:

—0.3FA05 2 —0.3FSAO
) e ’ T's0,5€ , )
Inyao = x5 [FS,AO <on+xse_°'3FA0r5) + (xs+xEoe_°'3r5rA0)zl (Eq. 3.2-6)
A0 AOR\?
Taos = Anos + Buos— L+ Cuos ( SQR) (Eqg. 3.2-7)
EO AOR\ 2
Is40 = As a0 + BSAO £+ Cs a0 ( SOR) (Eq. 3.2-8)

The data of table 3.2-2 were used to determine by regression analysis the parameters
of Equations 3.2-7 and 3.2-8 for the systems ethylene oxide — dodecanol and ethylene
oxide — ethoxylated products of dodecanol, and the obtained values are reported in
the following equations (the dependence from temperature of the parameters have
been found negligible):

EOR

—0.01748 (’5"’?)2 (Eq. 3.2-9)

[spo = —2.394 — 1.45322% — 0,00380 (EOR) (Eq. 3.2-10)

In table 3.2-3 the median errors between the experimental solubilities values and
the ones calculated with NRTL model for dodecanol and its ethoxylates are
reported. As can be seen, they are in the range 16-20 %.

Table 3.2-3 Average Percent Errors Obtained for the Different Binaries Applying the UNIFAC, Wilson,
and NRTL method, respectively. Reprinted with permission from (DiSerio et al., 1995) . Copyright 1995
American Chemical Society.

mean error (%)

substrate UNIFAC NRTL Wilson
dodecanol ' 18 18 19
dodecanol + 4.3EO 35 16 16
dodecanol + 15EO 10 20 7
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The Wilson equations for calculating the AO activity coefficient is the following:

- _ Ado,s __ Asao )
Iny,o = ln(xAO + xSAAO,S) + Xg [xA0+xSAAO,S P v (Eq. 3.2-11)

Where parameters Aaos and Asao are linked with the molecular weight of substrate
trough the following equations

A0 AOR\?

Apo,s = Ago,s + Baos _SOR + Cao,s ( SOR) (Eq. 3.2-12)
EO AOR\?

As a0 = As a0 + Bs,a0 _SOR + Cs 40 ( SOR) (Eg. 3.2-13)

The coefficients of equations 3.3-12 and 3.3-13 can be derived by regression on
experimental data. The following equations have been obtained by regression on
data of table 3.2-2

EOr
SO

2
—0.01967 (EOR) (Eq. 3.2-14)

Agos = 13.00 — 0.9611 =

2
Asgo = —0.4069 + 0.04714 2% — 0.001340 (Z%) (Eq. 3.2-15)

The agreement obtained between experimental data of table 3.2-2 and those
calculated with WILSON equation are reported in table 3.2-3. As can be, seen the
performance of WILSON equation is better than that of NRTL equation, being the
error in the interval 7-18%.

The WILSON equation was used also to determine its capacity in the extrapolation.
In table 3.2-4 the calculated solubility has been compared with the experimental ones
determined in a range of temperatures (120-190 °C) different from that of data used
for the determination of parameters equations 3.2-14 and 3.3-15 (70-150°C). As can
be seen the mean error is around 22%, showing sufficient affordability of WILSON
equation in extrapolation.

The use of a polynomial equation or of NRTL or WILSON equation is possible only
when the solubility experimental data are available. When there is a lack of these
data it is possible use UNIFAC Method to calculate the alkylene oxide activity
coefficient. UNIFAC Method is a predictive method that to calculate the activity
coefficients of components of a liquid mixture uses a contribute functional groups
approach (Fredenslund et al., 1977).
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Table 3.2-4 Comparison of Experimental Data (Hall & Agrawal, 1990) for Dodecanol at High
Temperature with Those Calculated with the Wilson Equations (Egs, 3.2-12, 3.2-15, 3.2-15). Reprinted
with permission from (DiSerio et al., 1995) . Copyright 1995 American Chemical Society.

[EOJ; (moV/L)

P (atm) T(°C) expt caled
2.07 171.1 041 0.55
2.07 190.6 0.30 0.43
1.38 162.8 0.35 0.43
0.69 162.8 0.19 0.22
2.07 148.8 0.59 0.79
2.07 123.8 0.96 1.20

In Table 3.2-3 the agreements of this method in the prediction of equilibrium of
ethylene oxide-dodecanol, ethylene oxide — ethoxylated dodecanol are reported. As
can be seen, the mean value (21 %) is acceptable.

To verify the applicability of UNIFAC for propylene oxide too, the propylene oxide
solubility at 100 °C, in dodecanol, was measured. The experimental values obtained
are compared with the calculated ones with UNIFAC in Figure 3.2-3. The same figure
also shows the agreement obtained for ethylene oxide. From the observed results we
can conclude that UNIFAC for both ethylene oxide and propylene oxide is a useful
method to calculate the alkylene oxide concentration in liquid phase in absence of
experimental data.

In table 3.2-5 the calculated concentration of EO an PO in 1 and 2-octanol and the
corresponding monoethoxylated products, at different condition are reported.

P (atm)

2 L 5° PO

0 4 1 1 1
0 0.2 0.4 0.6 0.8

X PO, XEO

Fig. 3.2-3. Equilibrium pressure of epoxide as a function of the liquid molar fraction in dodecanol at
100 °C (dots are experimental; lines are calculated with UNIFAC). Reprinted with permission from
(DiSerio, Vairo, et al., 1996). Copyright 1995 American Chemical Society.
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Table 3.2-5 Epoxide Concentrations Calculated by UNIFAC. Reprinted with permission from (DiSerio
et al. 1996). Copyright 1996 American Chemical Society.

concn (mol/cm3 x 103)

substrate epoxide 100°C 120°C 130°C 160°C

I-octanol EO 1.4 0.91 0.77

l-octanol + 1EO EO 1.4 0.86 0.73

l-octanol PO 2.7 1.8 1.4

I-octanol + 1PO PO 2.5 1.2 1.0

2-octanol EO 1.4 0.89 0.79 0.42
2-octanol + 1EO EO 1.6 1.0 0.87 0.49
2-octanol PO 2.6 1.6 1.3

2-octanol + 1PO PO 2.0 1.2 0.99

3.2.3 Kinetic runs

The list of the kinetic runs analyzed in this chapter is reported in Table 3.2-6. Three
different starter (dodecanol, 1-octanol and 2-octanol) and two alkylene oxides
(ethylene oxide and propylene oxide) were used.

The ethoxylation of dodecanol and 1-octanol, showed a similar behaviour. The
reaction rate is constant along the time (figures 3.2-4 ,3.2-6 (a) and broad oligomer
distributions are observed (figures 3.2-5, 3.2-6 (b))

The ethylene oxide consumption in ethoxylation of 2-octanol has a different
behaviour. In this case we can observe (Fig. 3.2-7 (a)) an increase of reaction rate with
the increase of EQ/S along the time, moreover the oligomer distribution is very broad
with and high starter residue (Fig. 3.2-7 (b))

In the case of propoxylation of 1-octanol (run 11-13 of table 3.2-6) we can observe
an opposite trend. The propoxylation rate decreases with the increase of PO/S value
(see Figure 3.2-8). In this case the initiation reaction involves the reaction of a primary
alcohol with PO that give place to a secondary alcohol with a lower reactivity. In this
case the oligomer distribution is narrow with a low starter residue.

The behaviour of propoxylation of 2-octanol is similar to that of ethoxylation of 1-
octanol or dodecanol (see Figure 3.2-9). In this case we a have a constant reaction
rate (lower than in the case of ethoxylation) because the initiation reaction is
between a secondary alcohol with PO like the propagation ones. Also, the oligomer
distribution is very similar to that of 1-octanol ethoxylation.
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Table 3.2-6 Kinetic runs catalyzed by KOH.

Run Substrate AO Temperature Catal. Pressure Ref
°C % mol atm
1 dodecanol EO 106 2.0 2 |
2 dodecanol EO 128 1.0 2 |
3 dodecanol EO 128 1.0 1 |
4 dodecanol EO 100 2.0 2 |
5 dodecanol EO 68.5 3.0 2 |
6 1-octanol EO 120 2.0 2 1]
7 2-octanol EO 100 2.0 2 1]
8 2-ocatnol EO 120 2.0 2 Il
9 2-octanol EO 130 2.0 2 Il
10 2-octanol EO 160 2.0 2 1]
11 1-octanol PO 100 2.0 2 Il
12 1-octanol PO 120 2.0 2 Il
13 1-octanol PO 130 2.0 2 Il
14 2-octanol PO 100 2.0 2 Il
15 2-octanol PO 120 2.0 2 Il
16 2-octanol PO 130 2.0 2 Il

| (Santacesaria et al., 1992a); Il (DiSerio, Vairo, et al., 1996)
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Fig. 3.2-4. Ethylene oxide consumption related to the initial moles of alcohol (EO/ROH) in the
ethoxylation of dodecanol (reaction condition see Tab. 3.2-6). Dots are experimental, line calculated.
Reprinted with permission from (Santacesaria et al. 1992) Copyright 1992 American Chemical Society.
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Fig. 3.2-5. Experimental (dots) and calculated (line) oligomer distributions of ethoxylation of
dodecanol (run 1, 2 and 4 of tab. 3.2-6) at different reaction times. Adapted with permission from
(Santacesaria et al. 1992) Copyright 1992 American Chemical Society.
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Fig. 3.2-6. (a) Ethylene oxide consumption related to the initial moles of alcohol (EQ/S) in the
ethoxylation of 1-octanol (run 6, Tab. 3.2-6). Dots are experimental, line calculated. (b) Experimental
and calculated oligomer at different reaction times. Reprinted with permission from (DiSerio, Vairo, et
al., 1996) Copyright 1996 American Chemical Society.
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Fig. 3.2-7. (a) Ethylene oxide consumption related to the initial moles of alcohol (EQ/S) in the
ethoxylation of 2-octanol (+ run 7, Il run 8, O run 9, x run 10 of Table 3.2-6)). Dots are experimental,
line calculated. (b) Experimental and calculated oligomer distributions at different reaction times.
Reprinted with permission from (DiSerio, Vairo, et al., 1996) Copyright 1996 American Chemical
Society.
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Fig. 3.2-8. (a) Propylene oxide consumption related to the initial moles of alcohol (PO/S) in the
propoxylation of 1-octanol (+ run 11, Il run 12, O run 113, of Table 3.2-6).). Dots are experimental,
line calculated. (b) Experimental and calculated oligomer distributions at different reaction times.
Reprinted with permission from (DiSerio, Vairo, et al., 1996) Copyright 1996 American Chemical
Society.
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Fig. 3.2-9. (a) Propylene oxide consumption related to the initial moles of alcohol (PO/S) in the
propoxylation of 2-octanol ( + run 14, l run 15, O run 16, of Table 3.2-6)). Dots are experimental, line
calculated. (b) Experimental and calculated oligomer distributions at different reaction times.
Reprinted with permission from (DiSerio, Vairo, et al., 1996) Copyright 1996 American Chemical
Society.
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3.2.4 Well mixed Stirred Feed Batch Reactor Modell and kinetic
parameters determination

To determine the kinetic parameters of the ethoxylation and propoxylation reaction
runs described previously it is necessary to apply a mathematical model of the used
reactor.

The reactor used in kinetic studies can be considered as well mixed feed batch,
isotherm, and isobar reactor.

The mass balance equations of liquid phase, considering the reaction scheme 2.4.5
are the following:

dngroH

e () initiation reaction (Eg. 3.2-16)
an
—RO;:OMH = o —m)V,
LA = (r, — )V,

dt
............................................... propagation reactions (;=1,...)
(Eq. 3.2-17)

anO(AO)iH
—dr (i — 1V,
d

n;toR =V, total mol AO reacted (Eq. 3.2-18)

Weo+ PM

VL = VSL + VAOL = VSL = W qu VOIume (Eq 32'19)

Considering the general reaction rate equation of alkoxylation (Eq. 2.4-1) we have:

1o = ko[RO~M*][A0]; 7, = k;[RO(AO)]M*][AO]; v s 7 =
k,[RO(A0); M*][AO] (Eq. 3.2-20)

To solve the differential equation 3.2.-16 — 3.2-18, the concentration of alkylene
oxide of Equations 3.2-20 can be derived from the data or by the methods described
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previously, while the concentrations of different ionic couples are linked with the
concentration of oligomers through the equilibrium equations (Eq. 2.4-2).

Considering the validity of assumption that in the case of basic catalysts (alkaline
hydroxide or alkoxide) the equilibrium constant is independent from the oligomer
length (and temperature) but depends only form the different stability of ionic couple
formed with the starter and oligomers, we have:

1) Ethoxylation of a primary alcohol starter: Ke1= Kez=...= Kei=..=Ke= K11

2) Ethoxylation of a secondary alcohol starter: Kei= Kez=...= Kei=..=Ke= K21
3) Propoxylation of a primary alcohol starter: Ke1= Kez=...= Kei=..=Ke= K12
4) Propoxylation of a secondary alcohol starter: Kei= Kez=...= Kei=..=Ke= K22

And we can write:

__ [ROH][RO(A0); M™]

e = TRO-M*I[ROA0) ] i=1,.. (Eq. 3.2-21)
From Eq. 3.2-6 we have:
- _ 1 [ROCAO)H] (o .
[RO(AO)l M+] = KeW[RO M+] i=1,.. (Eq32—22)
considering, that:
B° =Y, [RO(AO);M*] + [RO"M*] = (Eq. 3.2-23)
=K, [RO™M”] RO(AO);H RO"M*] =
= eWFl[ (A0);H] + [ 1=
= [RO™M”] K, RO(AO);H ROH
= RoH] ei=1[ (A0);H] + [ROH])
[RO~M*] = B°[ROH]/(K, Xi=1,.[RO(A0);H] + [ROH]) (Eq. 3.2-24)
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In the case of alkoxylation of fatty alcohols described previously we have 4 different
situations:

1) Ethoxylation of a primary alcohol starter: the product is a primary alcohol like
the starter.
2) Ethoxylation of a secondary alcohol starter: the product is a primary alcohol
primary contrary to the starter which is secondary.
3) Propoxylation of a primary alcohol starter: the product is a secondary alcohol
contrary to the starter which is primary.
4) Propoxylation of a secondary alcohol starter: the product is a secondary
alcohol like the starter.
In the case of alkoxylation of fatty alcohols catalyzed by bases the reactivity depends
only by the alkylene oxide and by the hydroxyl types of alcohol (see paragraph 2.4),
and we have the following situation for the values of kinetic constants:

1) Ethoxylation of a primary alcohol starter: ko= k1= ko=...= ki=..=kp= k11

2) Ethoxylation of a secondary alcohol starter: ko=k21 # k1= ko=...= ki=..=kp= ki1

3) Propoxylation of a primary alcohol starter: ko=k12 #ki= ko=...= ki=..=kp= k22

4) Propoxylation of a secondary alcohol starter: ko= k1= kz=...= ki=..=kp= k2>
The kinetic and equilibrium constants of described model for ethoxylation reaction
of dodecanol of Table 3.2-6 obtained by mathematical regression on data of Figures
3.2-4-3.2-5 are reported in Table 3.2.7. In the case of ethoxylation and propoxylation
of 1 and 2 octanol the constants were determined by regression on data reported in
Figure 3.2-6 and 3.2-9 obtaining the values reported in Table 3.2-8

The results obtained by simulation with these constants are in very high agreement
with the experimental data as can be seen in Figures 3.2-4-3.2-9, confirming the
correctness hypothesis done on the kinetic model.

Table 3.2-7 Kinetic Constants for the Ethoxylation of Dodecanol and Proton Transfer Equilibria
Constant (Santacesaria et al., 1992a).

Kinetic Constant In A (cm® molts?) E (kcal/mol)
k11 20.3+0.3 13.3+£0.2
Proton Transfer equilibrium constant
K11 = 4.8

From data of Table 3.2-7 and 3.2-8, it can be observed that the kinetic constant of
ethoxylation of primary alcohols is very poor influenced by the length of carbon
atoms chain, contrary to proton transfer equilibrium constants. It is to point out that
the kinetic constant obtained k11 are in good agreement with reported by other
authors (See Figure 3.2-10).
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Table 3.2-8 Kinetic Constants for the Ethoxylation and Propoxylation of 1-Octanol and 2-Octanol,
respectively, and Proton Transfer Equilibria Constants for Four Cases. Reprinted with permission

from (DiSerio, Vairo, et al., 1996) Copyright 1996 American Chemical Society.

kinetic constants In 4 (cm? mol~! s71) E (kcal/mol)
ki1 20.52 1=49.25 130 = 1.8
k12 22.69 £ 0.03 156 &£ 0.5
ka1 23.83 £ 0.14 16.8 £ 1.0
k2> 25.10 £ 0.19 19.0+1.9

Proton Transfer Equilibrium Constants
Key; Kei; Kes) Kex;
20103 3.5£04 224102 25403

The activation energy increases in the case of ethoxylation of secondary alcohol and
in the propoxylation reaction. The ratio between rate of addition of ethylene oxide
to a primary alcohol with respect to propylene oxide ki1/ki2 is always >1; on the
contrary, the ratio between the rate of addition of propylene oxide to a secondary
alcohol vs. ethylene oxide kaz/k»1 is always <1.
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Fig. 3.2-10. kinetic constant of ethoxylation of a primary alcohol determined by several authors (a)
(Gee et al., 1959), (b)(Santacesaria et al., 1990), (c)(Hall & Agrawal, 1990), (d)(Santacesaria et al.,
1992a), | (DiSerio et al., 1994), (f) (DiSerio et al., 1995) ,(g) (DiSerio, Vairo, et al., 1996), (i) (DiSerio et
al., 2002) (j) (Amaral & Giudici, 2011), (k) (Rupp et al., 2013b) Reprinted with permission from
(Rupp et al., 2013b) Copyright 2013 Elsevier B.V.
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3.3 Conclusions

The adopted kinetic model can be applied to ethoxylation and propoxylation of primary and
secondary alcohol to describe the evolution of alkylene oxide consumption and of oligomers
distribution. This opens the possibility to use the model and the kinetic constants to describe
the behaviour of industrial reactors
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Chapter 4 Industrial Alkoxylation Reactors

Different reactor technologies can be employed to produce non-ionic surfactants via
alkoxylation reaction. In the present chapter, the most advanced reactors are deeply
illustrated and compared for what concerns the working principle and the main
performance.

4.1 Description of Industrial Alkoxylation Reactors

These devices, described in the present chapter, are different, basically, according to
(i) production capacity and (ii) the desired final alkoxylation degree. A first category
is represented by Semibatch Stirred Tank Reactors (SSTR) mainly employed for small-
scale productions. This type of reactor can differ according to the strategy adopted
for the heat exchange system that can be (i) internal coil, (ii) external jacket, and (iii)
circulation loop with an external heat exchanger device. The second category of
alkoxylation reactors is represented by the Venturi Loop Reactor (VLR or Buss reactor)
that was initially designed as hydrogenator. In this reactor, gaseous hydrogen was
sucked by the Venturi tube and dispersed into the liquid phase. It has successively
been adapted to alkoxylation in which EO or PO are sucked as liquid into the Venturi
tube and there vaporize with an exceptional increase of volume. This gas is
pressurized into the mixer and gives place to a very high gas—liquid interface area
inside the reactor. Due to this aspect, the reactor can be considered as a well-mixed
gas—liquid reactor and treated with models similar to the CSTR reactors. Another type
of reactor is the Spray Tower Loop Reactors (STLR or Pressindustria-Scientific Design
reactors) in which the circulating liquid phase is sprayed in an atmosphere of gaseous
alkoxide. According to this configuration, the liquid is the dispersed phase while gas
is the continuous one.

The chapter is dedicated to the description of models that were proposed to describe
guantitatively the mentioned reactors for the ethoxylation of fatty alcohols. The
model is characterized by a general validity and can be easily adapted to each specific
reactor configuration.

From an historical point of view, the first reactor used for conducting alkoxylation
reactions are the semibatch stirred tank reactors (SSTR) normally employed for small
scale production and for low to moderate alkoxylation degree. According to the need
of heat removal rate, different strategies of thermal exchange system can be installed
in the reactor. By considering the scheme reported in Figure 4.1-1
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AO AO

Fig. 4.1-1. Semibatch Stirred Tank Reactors (SSTR): circulation loop SSTR (left); jacketed SSTR
(centre); internal coiled SSTR (right) (Santacesaria et al., 2018).

From the first used stirred jacketed,during the time, new reactor types with enhanced
efficiency and productivity have been proposed on the market. The increase in
safety, productivity and selectivity has been the driving force for the new reactor
designs(DiSerio, 2019; DiSerio et al., 2005; Salzano et al., 2007a) and we can consider
the technological improvement in the alkoxylation reactors as a clear example of the
process intensification(Stankiewicz & Moulijn, 2000).

Notwithstanding the new quite recent proposals for continuous reactor (Tesser et al.,
2020) , described in the Chapter 5 the ethoxylated or propoxylated products
synthesis is still largely based on fed-batch reactors technology in various
configurations.

A first classification of these reactors is possible by considering the dispersed phase
(Dimiccoli et al., 2000). The ethylene oxide (EQ) or propylene oxide (PO) are bubbled
in the liquid phase (stirred tank reactor, STR, or Venturi Loop Reactor, VLR, (see Figure
4.1-2) or the liquid is sprayed in an atmosphere of gaseous ethylene (Spray Tower
Loop Reactor, STLR) (see Figure 4.1-3).
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Fig. 4.1-2. Venturi Loop Reactor (VLR). 1-2: tanks, 3: heat exchanger; 4: ejector; 5: recirculating
pump; 6: outlet stream. (DiSerio et al., 2021).
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Fig. 4.1-3. Flowsheet of the Spray Tower Loop Reactor (STLR). 1-2: tanks, 3: heat exchanger; 4: spray
nozzles; 5: recirculating pump; 6: outlet stream. (DiSerio et al., 2021).

The STLR can be arranged vertically, as depicted in Figure 4.1-3, or alternatively, in
horizontal way. A horizontal spray reactor can be equipped with a higher number of
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spray nozzles even if a moderate increase in volume is so allowed. In general, the
heat exchanger is located outside the reactor, on the circulation line, and a liquid
recirculation pump is present, also in the case of the simple mixed reactor.

The main problem for this process is the difficulty in eliminating or minimizing mass-
transfer and heat-transfer limitations, which are generally associated with
conventional stirred tank alkoxylation reactors. The use of Venturi Loop Reactor (VLR)
or Spray Tower Loop Reactor (STLR) can solve these problems, and as we will see
below these reactors are safer in respect to stirred reactor.

4.2 Mathematical model of Venturi Loop Reactor (VLR)

In the VLR, the pumped liquid passes through a nozzle that provides a high velocity
jet of fluid to create suction of the gas. In a mixing tube, the high velocity jet attaches
itself to the mixing tube wall, resulting in a rapid dissipation of kinetic energy, which
creates an intensive mixing with the production of a fine dispersion of gas bubbles in
the liguid phase. The two-phase mixture that “jets” into the reaction autoclave also
causes intensive mixing. The consequence is a very high value of mass-transfer
coefficient (kg = 0.2-1.5 s). Considering that the Hatta number of ethoxylation
reactions is less than 1, a Venturi Loop Reactor can be simulated by assuming it as a
well-stirred isothermal reactor (see figure 4.2-1) (DiSerio et al., 2005):

EO in gaseous phase:

d
% = Fgo —JeoVL (4.2-1)
where Jeo = kia([EO], — [EO]}) (4.2-2)
EO in liquid phase:
d[EO
[dt]b =]EO —_ R (42‘3)

where in general R = Y7 k; [RO(EO)]TM““] [EO], but in the case of ethoxylation of
linear fatty alcohol, because the kinetic constant is independent by the ethoxylation
grade, we can write:
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R = k[Cat][EO], (4.2-4)

Vi

Fig. 4.2-1. Scheme of a Well Stirred Reactor.

The ratio of mols of ethylene oxide reacted/ initial moles of fatty alcohol is given by
the following equation:

"EO

n o %4
R;tH =R ROZ - (4.2-5)

Vi changes during the reaction time and can be the calculated by the equation:

V, = [nR0H°P§1 (MWROH° + nnEO MWEO)] (4.2-6)
ROH°®
Also [EQ]ochange as function of EO pressure (Peo) and EO repartition constant (Heo,s):
[EO]y = 22 (4.2-7)

HEgos

Peo can be determined by considering ideal the gaseous phase:

RT
Pgo =ngog WevD) (4.2.-8)

ps and Heos that are function of temperature and ethoxylation grade can be
calculated as described in the Cap. 3.

For safety reason air must be eliminated from the reactor before the EO feed (the
explosive range of EO-air mixtures is from 2.6 to 100%). For eliminating the danger,
the reactor is purged with Nitrogen. The presence of Nitrogen is useful also to avoid
the decomposition of EO that can occur even in absence of air. Moreover, Nitrogen
limits the formation of EO by-products that influence the quality of the final product.
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For these reasons the molar gaseous fraction of EO (yeo ) must be <0.50 (Leuteritz,
1992).

To achieve the safety condition safe an initial nitrogen pressure in the range 1-7 bar
is generally used, and the initial number of moles of Nitrogen present into the reactor
can be calculated with the following equation:

VR-VL PN,0 VR=VL | Vips
n =n +n =P (—) +—==V,ps = P, + —=
N,,0 N,,G No,L N2,0\ " rr Hyys LPs N2,0\ " rr Hyys

(4.2-9)

The value of Hnz,s (the solubility of nitrogen in the substrate) is approximately 2.34:107
bar g mol-1 (estimated values (DiSerio et al., 2005)).

The quantity of Nitrogen in the reactor increases during the reaction because it is
introduced also with the feed of EO, because liquid EO is stored in a tank under
nitrogen pressure to prevent decomposition and a certain amount of N3 is dissolved
in the EO. The mol of Nitrogen added with EO feed can be calculated with the
following relationship:

0
dny,  FgoMWgo(PsT—Pgo)
dt Hn, E0

(4.2 -10)

At 298 K, The solubility of nitrogen in ethylene oxide (Hnz,eo0) is 9.72 -10* bar g mol-1
and the vapor pressure of EO (P°co) is 1.74 bar. Consequently, the total pressure in
the reactor, considering the equation 4.2-8 and 4.2-9 will be:

nNz

VRZVL, ViLPs
RT 'Hpy,s

RT
P = PNZ + PEO = + TlEO'G VRV (42'11)

In Fig. 4.2-2 the simulation results obtained with the mathematical model previously
described for an isothermal reactor operating with an EO feed rate of 1000 kg/hour,
are reported in Fig. 4.2-2. The related operating conditions are listed in Table 4.2-1
and in caption of the figure.
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Fig. 4.2-2. Calculated values of total pressure, yeo, and Vi/V°L in the ethoxylation of dodecanol in a
Venturi loop reactor at EO fed 1000 kg/h, T 453 K, and kia 0.5 s-1. The other reaction conditions are
reported in Table 4.2-1. Reprinted with permission from (DiSerio et al., 2005) Copyright 2005 American
Chemical Society.

As can be seen, in Figure 4.2-2 the total Pressure has a strong increase at the start of
the feed, along the time the total pressure decreases (because increase the ethylene
oxide dissolved in the liquid for the increasing of liquid volume).

When the feed of EO is stopped the total pressure decreases quickly but it arrives at
a final value that is higher than the initial one. This is due to the fact the total amount
of nitrogen in the reactor is slightly increased but mainly because the gaseous volume
is reduced. The molar faction of EO in the gaseous phase increases continuously (but
in chosen conditions it is always <0.5) , when the feed of EO is stopped this value
arrive to 0 in 20 minutes. This phase is called cooking and is very important for assure
the absence of EO in the reactor gaseous phase before its discharge.

Table 4.2-1. Characteristics of the Reactor and the Related Operating Conditions of the Reported
Simulations
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Vg reactor volume (m3) 10

ROH° dodecanol charged (kg) 2000
CAT catalyst (KOH) (kg) 6.5
k kinetic constant (cm3 mol? s1) 6108 exp(-6640/T)
Pnso initial pressure of N3 (bar) 1.5
Psr pressure of EO storage tank (bar) 4.0
time of EO alimentation (min) 120

4.3 Mathematical model of Spray Tower Loop Reactor (STLR)

In STLR, the sprayed liquid is dispersed in the form of small liquid drops flying into the
alkylene oxide gaseous atmosphere. Drops emerging from an efficient spray nozzle
resulted as internally well-mixed drops, leading to a very high mass-transfer rate, and
if the average flight time of the drops is long enough, these drops are completely
saturated at the end of their flight (Dimiccoli et al., 2000; Santacesaria, di Serio, et al.,
1999). The reaction occurs in the liquid column and can be neglected the drops
contribution to the reaction, since the flight time is extremely short if compared to
the residence time in the liquid column and to the relatively low liquid holdup in the
gas phase (Dimiccoli et al., 2000; Santacesaria, di Serio, et al., 1999). The liquid
column can then be modeled assuming it as a plug-flow reactor in transient
conditions as the concentration of dissolved alkoxide changes with time and along
the column itself.

Hence, in these reactors, mass transfer and chemical reaction occur separately in two
distinct zones: the mass-transfer zone, corresponding to the zone of drops flying
across the gaseous atmosphere, and the reaction zone, corresponding to the slowly
flowing liquid-phase collected at the bottom of the reactor and recirculated back to
the spray nozzle(DiSerio et al., 2005).

The liquid column in the reactor can be assumed with a plug-flow behavior but is in
transient conditions as the concentration changes both along the time and along the
axial direction. For modeling purposes, the reactor can be better schematized as a
series of well mixed cells or liquid portions distributed along the liquid column,
according to the well-known compartmental models(Egedy et al., 2013; Haag et al.,
2018). In the scheme reported in Figure 4.3-1 the cells scheme related to STLR
configuration is reported.

From this scheme it is possible to appreciate the characteristics of the reactor.

66



The model is certainly general and provides the possibility to impose a user-defined
number of compartments, depending on the axial dispersion degree that would
describe the system.

Gas

Feo ——s Sat

jEOl

Liquid <

Fig. 4.3-1. Scheme of a simplified STLR model.

For the development of a general model based on the scheme reported in Figure 4.3-
1, some assumptions can be adopted, as in the following points:

1) The spray nozzle is considered with a full efficiency in saturation. In the spray

chamber, the entering liquid is fully saturated with EO. This simplifying
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2)

3)

4)
5)

6)

7)

assumption can be removed by introducing and empirical multiplying factor
(less than unity) to simulate lower saturation efficiency.

The flow of liquid phase in the liquid column is simulated as a series of CSTR
reactors (cells or compartments). The different distribution of cells volume
can be used to represent different reactor configuration and fluid-dynamic
conditions. For instance, as for the general tank-in-series model, depending
on the axial dispersion degree, it is possible to choose a different number of
compartments. In detail, a plug-flow fluid-dynamics can be simulated by a
theoretically infinite number of cells, while a stirred tank with only one
compartment. Thus, a high number of equal cells is used for a STLR (10-20).
The first stage is in contact with gaseous phase also the additive mass transfer
Jeo1 could be considered, even if in the case of STLR this contribute is very low
because the low interface area of liquid column with gaseous phase.

The expansion of the system volume, that occurs as ethoxylation proceeds, is
assumed as equally distributed on all the cells in the reactor.

The overall volumetric circulation flowrate, Q, is assumed constant.

The feed of liquid EO from the external tank is assumed as completely
vaporized in the saturation chamber of the reactor.

Some properties of the reacting mixture and EO are assumed as constants or
averaged with temperature, such as specific heat of reactive mixture (Cp =2.5
J/(g K)), heat of vaporization of EO (Aeo= 0.15W/(m K) at 298K), specific heat
of liquid EO (Cpeo=1973J/(kg K) at 298K) .

The reactor is perfectly insulated and no heat exchange with the surroundings
is present.

The heat exchanger installed on the circulation line is assumed with infinite exchange
capacity and the outlet temperature is fixed at a predefined value Ts. Alternatively,
in order to gain more accuracy, a more rigorous exchanger model can be introduced
into the overall compartment modeling scheme. Referring to the scheme in Figure
4.3-1, the mass balance for EO in the gaseous phase of the reactor is:

d"j;).c = Fgo + Q([EO]y — [EO]o) = Jro1V1 (4.3-1)

Where the mass transfer flows are defined by the following relation:

Jeo1 = kp1a.([EO]o — [EO]4) (4.3-2)

68



Another important relation if the account for the overall quantity of reacted EO. This
equation can be written as follows:

d
E0 = 3L ViR, (4.3-3)
Where:
R; = k[Cat][EO]; (4.3-4)

As said before, the liquid EO is stored in a tank pressurized with an inert gas (usually
nitrogen) and is fed to the reactor directly from this tank. Also, in the case of STLR the
inert gas dissolved into liquid EO is continuously fed to the reactor resulting in an
accumulation of inert during the operation, and the balance on inert gas is described
by equation (4.2-10). The following differential equations represent the mass
balances for cell 1 (Eq. 4.3-5) and the following cells (from 2 to N) (Eq. 4.3-6)

dns01 = O([EO]y — [EOL,) — RyVy + JsoVs (4.35)

£8202 = Q([EO], — [EOL,) — R,V

(4.3-6)

REON — Q([EO]In-1 — [EO]y) — RV

Further equations are necessary to estimate the temperature along the reactor.
The energy balance of the saturation chamber is described by the following equation:

_ QpCpTo+FEoMWEQCDEoTTANK—FEOMWEOAED
Tsar = B (4.3-7)
Qp p+FEoMWEQCDPEo

In analogy with the material balance equations, the energy balance on the
compartments can be written. For the first cell the energy balance assumes the
following form:

aTy _  RydH |, Q _ i

& - och + " (Tsar — T1) (4.3-8)

The temperature of the bottom cells can de described by the following ODEs:

dT, _  RpdH | Q .o
pra +V2 (T, — Ty)

(4.3-9)
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dTy _ _RyAH | Q. _
el + n (Ty—1—Tn)
The group of relations consisting of the model represent a system of coupled ordinary

differential equations that must be integrated in time starting from a suitable initial
condition for each of the related dependent variables. However, the mentioned ODEs
system cannot be solved without the addition of other algebraic constitutive
equations that describe auxiliary variables such as pressure, liquid, and gas volume,
EO solubility, reactive mixture density, kinetic expression, and related parameters

(Eq. 4.2.6 —4.2.11).
In Figure 4.3-2 the simulation of a STLR is reported
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Fig. 4.3-2. Calculated values of total pressure (P), gaseous molar EO fraction (yeo), temperature (T),
and EO concentration at the top of the liquid column and the bottom of the reactor (0 and N,
respectively) in the ethoxylation of dodecanol in a spray tower loop reactor at EO fed = 1000 kg/h and
Q =3.17 10* cm3/s (114 m3/h). The other reaction conditions are reported in Table 4.2.1. Reprinted
with permission from (DiSerio et al., 2005) Copyright 2005 American Chemical Society.
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4.4 Safety in ethoxylation processes

The safety aspects are fundamentals in alkoxylation processes, mainly in
ethoxylation ones. The main problems that can arise during the ethoxylation
processes were listed by Gustin (Gustin, 2000):

- Agas phase explosion hazard related to the flammability of EO in the presence
of air or oxygen.

- A gas phase explosion hazards due to EO vapour instability. Similar to
acetylene, propargyl! chloride, nitrous oxide, nitrogen chloride, chlorine oxides,
hydrogen azide or chlorine azide, EO gives decomposition flames with pressure
effects in vessels, even in the absence of oxygen.

- A liquid phase decomposition hazard, since the decomposition of liquid EO
may be initiated by high temperatures, host spot or catalysts. The reaction of
decomposition of EO can propagate in liquid phase if high concentration of EO
is present. The thermal stability of EO liquid is influenced by temperature, the
material of construction and the presence of impurities.

- A runway reaction hazard when EO is reacted with other chemicals in
ethoxylation processes, if EO is allowed to accumulate in reaction vessels, due
to improperoperating conditions. Also concentrated EO solutions may self-
heated runway if the temperature is not controlled or if a catalyst is present.

- A toxic hazard since EO is highly toxic and may cause a cancer. Diluted EO
solution can cause severe burns.

The use of reliable kinetic data and reactor model can be useful to reduce the risk in
ethoxylation plants by simulating the reacting system in not right operative
conditions, in presence of default of control systems or mechanical ruptures. This
simulation can be used to find operative procedures or dedicated devices to reduce
significantly the risk in ethoxylation operations (Santacesaria et al., 1995) .

In this section we will report 2 examples of use of reactor simulation in the prediction
of consequences of not correct operations or defaults. The first example is the
prediction of the maximum productivity of a reactor being in safety condition in
respect to the possible gas phase explosion (DiSerio et al., 2005) . The second one is
a consequence-based analysis for the definition of safety distances for damage to
surrounding equipment and the people working on-site or even outside the industrial
plant (Salzano et al., 2007b).

we will consider the VLR (Venturi Loop Reactor) and STLR (Spray Tower Loop Reactor)
described previously. The mixed reactor is not considered because it is less safe. The
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presence of the stirrer may cause the gas mixture to ignite (formation of a dipole
between the stirrer and the reactor wall and overheating of the mechanical seal) or,
if the mechanical seal is damaged or fails, ethylene oxide may escape from the
reactor, or the seal lubricant may be released into the reactor. In both reactor types
mentioned, there are no rotating metallic devices present and the efficiency of heat
transfer is ensured by an external thermal exchanger. Both reactors give high
productivity.

In Figures 4.4-1 and 4.4-2, simulations of VLR and STLR operating with an EO feed rate
of 1000 kg/h have been shown. The productivity of the system could obviously be
increased by increasing the EO feed rate. However, the increase has a limitation due
to the maximum values of pressure that can be reached in the reactor and yeo, which
must always be <0.5. Figure 4.4-1 shows the maximum values of pressure, yeo, and
neo/Nrowe, calculated from simulations performed with the same operating conditions
as in Table 4.2-1 at different values of EO feed for the Venturi Loop Reactor.
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Fig. 4.4-1. Calculated maximum values of neo/nrons, total pressure, and yeo in the ethoxylation of
dodecanol in a Venturi loop reactor as a function of EO fed, T=453 K, and k.a= 0.5 s*. Reprinted with
permission from (DiSerio et al., 2005) Copyright 2005 American Chemical Society.
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As can be seen, increasing the EO feed rate obviously increases the degree of ethoxylation.
However, the maximum total pressure and the maximum mole fraction of ethylene oxide in
the gas phase also increase. The maximum values of yeo> 0.5 are obtained at an EO feed rate
> 1500 kg/h. Since these EO molar farction values are outside the safety zone, EO feed rates
above 1500 kg/h cannot be used. This drawback can be solved by increasing the initial
pressure of the inert gas, but in this case the maximum total pressure reached in the reactor
will also increase.

In the case of STLR, the temperature profile in the spray tower loop reactor depends on the
reaction rate, the temperature of the liquid at the outlet of the heat exchanger (To), and the
flow rate of the recirculation liquid (Q) (see Eq. 4.3.7-4.3.9). By fixing To, a Q value can be
found that provides the required value of the reactor bottom temperature (Ty).

In Figure 4.4-2, the maximum total pressure and maximum mole fraction of EO are plotted
as a function of ethylene oxide feed rate, in a spray tower ring reactor operating under
pseudo-isothermal conditions T0=452 K, TN= 454 K. The other reaction conditions are as
shown in Table 4.2-1.

The required Q values are also shown in Figure 4.4-2. As can be seen, the performance of
STLR is quite similar to that of VLR in terms of the maximum achievable productivity (FEO=
1500 kg/h of EQ) under the optimal reaction conditions (yEO <0.5). To achieve maximum
productivity in STLR, a high recirculation flow rate is required. The power input required for
a spray tower ring reactor is of the same order of magnitude as that for a very efficient stirred
reactor (self-aspirating stirrer, for example) and is, therefore, greater than that for a Venturi
Loop reactor.

The high Q values in the runs shown in Figure 4.4-2 are necessary because the reactor
operates under isothermal conditions. Q can be greatly lowered when we accept an internal
temperature profile in the liquid column. For example, Figure 4.3-2 shows a simulation of a
run performed by setting TO = 443 K and TN = 453 K, for an FEO = 1000 kg/h. The other
reaction conditions are as in Table 4.2.1. In Figure 4.3-2, the EO concentration and
temperature of liquid feed to the spray ([EO]0 and TO, respectively) and at the bottom ([EO]N
and TN, respectively) of the reactor, the total pressure and the molar are plotted for the EO
fractions in the gas phase. To achieve a temperature, rise below the fixed limit (TN= 453 K),
we must use Q= 3.17.104 cm3/s (114 m3/h), which is 5 times lower than that reported for a
pseudo-isothermal condition (1.6.105 cm3/s; see Figure 4.4-2). Using the lower flow rate of
the liquid circuit obviously offers great advantages for lower energy consumption.
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Fig. 4.4-2. Calculated maximum values of total pressure and yeo in the ethoxylation of dodecanol in a
spray tower loop reactor operating in pseudo-isothermal conditions as a function of EO fed. The figure
also shows the required rates of loop flow (Q) to have pseudo-isothermal condition To = 452 K and Tn
= 454 K. The other reaction conditions are reported in Table 4.2-1. Reprinted with permission from
(DiSerio et al., 2005) Copyright 2005 American Chemical Society.

With a lower Top and Q, however, there is an increase in maximum total pressure and
maximum molar gaseous EO concentration. In fact, in the example shown (Figure 4.3-
2), a value of yeomax= 0.48 is obtained instead of 0.41 for an Feo = 1000 kg/h. With
these reaction conditions an increase in productivity is not possible because an
increase in EO flow rate results in achieving molar fractions of EO in the gas greater
than 0.5.

Also, the maximum partial pressure of Pgo is important for the safety. The increase of
Peo gives place to an increase in Ethylene Oxide concentration in liquid phase (this
concentration is higher in VLR than in STLR). The dissolved EO can have strong
consequence in the case of accidental liquid release from the reactor. The total
amount of EQ in the liquid phase because the increase of liquid volume is higher at
the end of reaction than at the beginning. In Table 4.4-2 the EO amount in a VLR
reactor operating as described in Table 4.4-1 are reported at the initial and final stage
of the reaction (EO/S=4.4) , as function of Pgo and reaction temperature T. Moreover,
in Table 4.4-2 the calculated maximum distances for flammable could and for toxic
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dispersion are indicated (Salzano et al., 2007b). As can be seen both Pgg and T have
great influence in the safety distance that increase with the increase of Pgo while
decrease with the increase of T. This behavior can be explained considering the
effects of the two parameters on EO solubility.

Table 4.4-1 Chemical and geometric characteristics of alkoxylation reactors analyzed in this work and

the typical range of operation conditions VLR process. Reprinted with permission from Copyright
(Salzano et al., 2007b) 2007 Elsevier B.V.

3
Reactor volume (m”)

Height (m)

Dodecanol initially charged (kg)

Time of EO feed (min)

Initial pressure of N, (bar)

Total reactor pressure (bar)

Partial EO pressure (bar)

Temperature (°C)

Pressure of EO storage tank (bar)

10
2.5

2000

About 120

1.5

4.0-5.0
1.0-3.0
125.0-180.0
4.0-5.0

Table 4.4-2 Total flammable mass available for explosion (meo,expl) and maximum distance for
flammable cloud (for flash fire, xf+) and for toxic dispersion (IDLH, xtox*). Reprinted with permission
from Copyright(Salzano et al., 2007b) 2007 Elsevier B.V.

T (K) Pgo = 1bar Pgo = 2bar Pro = 3bar
MEQ expl )(l'lﬂ< -\'lox* MEQ expl ~\‘l'l‘* xlox* MEQ expl -\‘H‘* -\‘lox*
(kg) (m) (m) (kg (m) (m) (kg (m) (m)
2000 kg
398 54.1 35.3 130.7 108.3 49.7 175.3 151.6 58.3 201.8
423 333 27.4 106.0 66.7 39.2 1428 80.4 43.0 165.5
453 17.2 18.8 79.2 40.1 30.3 1149 48.8 33.5 133.9
4000 kg
398 85.5 444 167.3 171.1 61.6 2234 239.5 71.9 256.8
423 52.5 34.8 136.0 105.0 49.0 182.3 1434 56.8 210.8
453 27.0 244 102.1 63.0 38.2 147.0 86.8 44.7 170.9

Wind velocity = 3ms™ .

1
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4.5 Conclusions

In this chapter we have seen the great advantage that right simulation models can
give in the design and conduction of ethoxylation reactors, also for safety purposes.

As a result, research has been undertaken in chapter 5 on the development of
innovative synthesis node for the alkoxylation process, particularly in the modelling
and development of new, efficient, and safe reactor for this process.
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PART Il - Process Intensification in the
Alkoxylation Reactions

The novelty of the presented dissertation:

In the second part the following novelty of dissertation is reported:

1. Presentation of the idea of new Enhanced Loop Reactor (ELR) and comparing its
performance with both state-of-the-art systems: Spray Tower Loop Reactor (STLR) and
Venturi Loop Reactor (VLR), based on the developed mathematical simulations of the
reactors.

As a result, research has been undertaken on the development of innovative synthesis
nodes for the alkoxylation process, particularly in the modelling and development of
new, efficient and safe reactors for this process.

Based on the comparison of simulation results of the performance of known STLR and
VLR reactor systems and the developed concept of a hybrid ELR synthesis node, the
advantages of the new solution were demonstrated.

The novelty is the development and application of a suitable mathematical model to
describe the operation of the compared reactors as well as the concept of the new ELR
synthesis node.

2. Critical analysis of the most recent efforts reported in both, the scientific and patent
literature dealing with the alkoxylation processes in continuous mode, as published with
the participation of the doctoral candidate in the form of a review article. Novelty is the
first extensive examination, comparison and discussion of-the-state of the art of such
proposals, considering a possible industrial perspective in terms of productivity of the
systems. This complements the original research work contained in Chapter 5 and leads
to the description of the research work in Chapter 7, devoted to the further development
of the technology of oxyalkylation towards microreactors.

3. Elaborating on the data collected in the microreactors, where for the first time a laminar
flow model was used to study the kinetics of ethoxylation of the analyzed system. For this
purpose, a dedicated mathematical algorithm was developed and successfully applied for
continuous ethoxylation using microreactors, under dynamic conditions.

The research part of the dissertation presented in point 1 and 3 represents a novelty in the
description of the state of the art and is the achievement of the team in which the doctoral
candidate made a leading or significant contribution.

The dissertation part described in point 2 is a literature study of the achievements of other
authors as well and is essential for laying the groundwork for further advances in
microreactor-based oxyethylenation technology, as investigated in point 3.
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Chapter 5 Enhanced Loop Reactor (ELR)

As we seen (par. 4.4) Venturi Loop Reactor assures greater productivity than Spray
Loop Reactor with lower energy, however Venturi loop reactor has some drawbacks
related to the rigid geometrical parameters that must be satisfied as concerns the
dimensions of the reactor, the liquid level, and the nozzle length. As a matter of fact,
the plants where VLR technology is used have in general two reactors: the first one
works in the initial stage of the reaction (when the liquid level is low), and the other
one is used for achieving high ethylene oxide/substrate molar ratio that corresponds
to high increase in volume. Moreover, in the case of large reactors, the behavior of
VLR can also become like that of STLR in terms of the power input required for liquid
recirculation. So, the choice of the better technology is linked to the specific industrial
need. To overcome these problems, Desmet-Ballestra launched a Hybrid Spray-
Venturi Loop Reactor (HSVLR) or Enhanced Loop Reactor (ELR) that merges the
advantages of the Venturi Loop Reactor with those of the Spray Tower Loop Reactor.
The development of a mathematical model for the description of the ELR is reported
in this chapter (DiSerio et al., 2021).

5.1 Mathematical model of Enhanced Loop Reactor (ELR)

The ELR (see Fig. 5.1-1) has been simulated considering it as a STLR reactor on which,
in the lower part of the reactor, is placed an ejector. In this case the total recirculating
flow (Q) is divided, after the heat exchanger, in two streams: one of which is fed to
the spray nozzle (Qs) and the second to the ejector (Qs). Furthermore, the liquid
flowing in the ejector suck up the gas from the reactor head and disperses it in the
liquid phase in the form of bubbles which, rising upwards in the liquid column, further
stir the liquid phase.

In this case the ELR, when the ethoxylation reaction is started, behaves like a STLR
and when the liquid level reaches a prefixed value, circulation flow is splitted and the
ejector is started. In this phase the behavior of the ELR is more like a VLR. This reactor
configuration has the effect to merge the two most important advantage of both STLR
and VLR: it is possible start the production with a very low quantity of substrate (like
in the case of STLR) and a high efficiency in mass transfer is achieved with low power
input (like in the case of VLR).
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Fig. 5.1-1. Sketch of the Enhanced Loop Reactor (ELR). 1-2: tanks, 3: heat exchanger; 4: spray nozzles;
5: recirculating pump; 6: outlet stream; 7: ejector.

In the case of ELR, for modeling purposes, the reactor can be schematized in Figure
5.1-2 the cells scheme related to ELR configuration is reported.

From this scheme it is possible to appreciate the characteristics of the reactor. After
the heat exchanger on the circulation line, the flow is splitted into two portions: one
of these is fed to the spray and the other one is sent to the ejector placed in the lower
part of the reactor.

As revealed in Figure 5.1-2, four cells were assumed as an example of discretization.
The model is certainly general and provides the possibility to impose a user-defined
number of compartments, depending on the axial dispersion degree that would
describe the system, as in the general tank-in-series model. In the specific case, we
assumed four cells as the liquid phase is well mixed by the ejector present in the
bottom of the reactor. Thus, due to the mixing efficiency of the ejector, the liquid
column is assumed as constituted by four separate cells which behavior is that of a
dynamic CSTR reactor: the first upper cell 1 receive the liquid more or less saturated
with EO in the spray chamber; the majority of the liquid is located in the cells 2 that
is well mixed by the ejector; two additional relatively small cells 3 and 4 are located
in the lower part of the reactor and become important in the final part of the
operations, when the height of the liquid column is increased significantly. More
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generally, a higher number of cells can be considered both above and below the
central cell 2 associated to the ejector.
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Fig. 5.1-2. Modelling scheme to describe the Enhanced Loop Reactor (ELR).

In the scheme of Figure 5 1-2 also gas-liquid mass transfer flows are reported: the
first, Jeo1 is related to the spray chamber in which gaseous EO is transferred from gas-
phase to liquid droplets emerging from nozzles; the second, Jeoz, is due to the gas
suction from ejector that transfer EO directly to the liquid phase of cell 2.
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Further improvements in the reactor model schematized in Figure 5.1-2 can consists
in a different distribution of compartments volume and, moreover, introducing
additional compartments for simulating the liquid holdup of various portions of the
circulation line and the volume inside the exchanger (process side).

For the development of a general model based on the scheme reported in Figure 5.1-
2, the same assumptions of STLR reactor can be adopted (see par. 4.3).

Referring to the scheme in Figure 5.1-2, the mass balance for EQ in saturation section
of the reactor is:

dnjt(m = Fgo + Qs([EO]y — [EO]o) = Jeo Vi — Jo2V2 (5.1-1)

Where the mass transfer flows are defined by the following relations:
Jeo1 = kp1a,([EO]o — [EO]4) (5.1-2)
Jeoz2 = ki2a2([EO]o — [EO]3) (5.1-3)

Material balance on cells is slightly different from one cell to another. The following
differential equations represent the mass balances for cell 1 (Eq. 5.1-4), cell 2 (Eq.
5.1-5) and cells 3 and 4 (Eq. 5.1-6).

dn:to'l = Qs([EO]o — [EO]1) = RiVi+Jgo V1 (5.1-4)

L0 = Qs([EO] — [EO,) + Qp([EOo — [EO1y) = RoVa +Jgo Vo (5.1°5)

dngo i
% = Q([EO]j-1 — [EO])) — ViR; (5.1-6),
where Rjis given by equation (4.3-4).

The overall quantity of reacted EO is given by the equation (4.3-3), the initial inert
amount by equation (4.2-9), the balance on inert gas is described by equation (4.2-
10) and the total pressure by equation (4.2-11).

In analogy with the material balance equations, the energy balance on the
compartments can be written. For the first cell the energy balance assumes the
following form:

dTy _ Ri4H

_ Qs _ B
& - hch + 7, (Tsar — T1) (5.1-7)
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For the central cell number 2 the energy balance is slightly different:
dar. R,AH = Q Q
— = —;TP+V_5(T1—T2)+V_5(T0—T2) (5.1-8)

The temperature of the two last bottom cells can de described by the two following

ODEs:

% _ _R3AH 2 _ )
el + v (T, —T3) (5.1-9)
dTy _ _ R4dH | Q _ i
E —_— _pCp + V4 (T3 T4) (5.1 10)

The group of relations consisting of the model represent a system of coupled ordinary
differential equations that must be integrated in time starting from a suitable initial
condition for each of the related dependent variables. However, the mentioned ODEs
system cannot be solved without the addition of other algebraic constitutive
equations that describe auxiliary variables such as pressure, liquid, and gas volume,
EO solubility, reactive mixture density, kinetic expression, and related parameters,
etc.

A further equation is necessary to estimate the temperature of the saturation
chamber from an energy balance. This equation is as follows:

T . = QspCpTo+FEoMWE0CPEQTTANK—FEOMWE0AED (5.1-11)
sat — LT
QspCp+FEoMWEOCDEQ

The comparison of the different reactors was done considering reactor with the same
total volume and using the same total recirculating flow (see Figure 5.1-3 and 5.1-4,
in the caption the adopted simulation conditions are reported).
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Fig. 5.1-3. Calculated values of growth ratio and total pressure, in VLR, STLR operating in the same
conditions. Reactor volume: 20 m3; total recirculating flow: 210 m3/h; maximum operating pressure:
5.5 bar; initial Nitrogen pressure: 1.2 bar; starter (dodecanol) :500 Kg; catalyst (KOH): 8 Kg; exiting heat
exchanger temperature: To = 178°C; final growth ratio:20.5.(DiSerio et al., 2021).
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Fig. 5.1-4. Calculated values of growth ratio and total pressure, in VLR, STLR, ELR operating in the same
conditions. Reactor volume: 20 m3; total recirculating flow: 210 m3/h; maximum operating pressure:
5.5 bar; initial Nitrogen pressure: 1.2 bar; starter (dodecanol) :500 Kg; catalyst (KOH): 8 Kg; exiting heat
exchanger temperature: 178°C; final growth ratio:20.5 (Di Serio et al., 2021)
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As the simulations were conducted to keep a constant pressure of the system, the
growth ratio approaches to a plateau value when the consumption of ethylene oxide
decreases, indicating the stop of the ethylene oxide feed. Thus, the overall pressure
decreases reaching the set value of the inert gas.

The performance

The performance of the VLR strongly depends on the liquid column height inside the
reactor relative to the position of the venturi tube end. Because there is an increase
in liquid volume during the reaction and consequently an increase in liquid column
height, several venturi tubes of different lengths are positioned inside the reactor
and operated at different times.

In Figure 5.1-4 the performance of the ELR is reported. In this case the total
recirculating flow was divided in two parts when liquid volume in the reactor was 3
m3. The one that supplied the spray nozzle was the 25% of the total while the

remaining amount supplied the ejector.

5.2 Conclusions

In conclusion, the ELR has the same performances of the VLR, as they provide a similar
mixing to the liquid phase, thus a similar ethylene oxide content. However, the
Enhanced Loop Reactor has a high flexibility of the gas-liquid contacting devices that
permit constant performances of the reactor during all the course of the production
process and mass growth ratio in the system up to 80.
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Chapter 6- Alkoxylation in continuous reactors

As it was presented in the previous chapters, the alkoxylation reaction is conducted
in semi-batch modality even if this technology is intrinsically characterized by a
relatively low productivity. As the demand of surfactants production is increasing, it
is natural to shift toward a continuous process. In the present chapter, the most
recent efforts dealing with the alkoxylation processes in continuous mode are
reported, analyzing critically the results reported in both the scientific and patent
literature.

The shift from the traditional semi-batch process to the continuous ones could really
represent the start of a new era in the alkoxylation technologies (Santacesaria et al.,
2018). Moreover, a continuous process must be designed to operate under high
pressure, and this could represent a further advantage for the safety due to the
absence of a vapor phase (DiSerio et al., 2005) rich in alkoxide that could be more
susceptible to ignition. The adoption of a sufficiently high pressure can ultimately
keep the alkoxide in liquid state at the process temperature realizing high
concentration with an improvement also of the reaction rate.

In the scientific and patent literature both traditional reactors, like the tubular ones,
and more innovative reactor configurations, like microreactors, have been proposed
for the continuous alkoxylation reactions. These last are particularly suitable for
exothermic and multiphase reactions, thanks to the high heat and mass transfer
exchange rate (Kralisch et al.,, 2012). Moreover, very recently, also stirred tank
reactors in series or in combination with PFRs have been proposed as suitable for a
continuous alkoxylation production process. In fact, whereas innovative
microreactors showed superior performances in terms of heat/mass transfer
efficiency and in theoretical productivity, many authors still proposed the use of
traditional reactor devices accepting the drawbacks (lower productivity, lower heat
transfer efficiency) but gaining in the possibility for large-scale applications. On the
other hand, the exploitation of microdevices advantages can be achieved through the
concept of numbering-up (instead of scale-up) that involves, however, a complex
setting and control. Hybrid emerging technologies, like for example annular thin film
reactor (tube-in-tube arrangement) of corrugated plates heat exchanger reactor,
could represent a good perspective in the industrial consolidation of continuous
alkoxylation.
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In the present chapter the state-of-the-art of such reactor arrangement is examined,
compared, and extensively discussed, also considered for a possible industrial
perspective in terms of productivity of different systems.

6.1 Discussion and perspectives on continuous alkoxylation reactors

From a literature survey of the last decades, several attempts in performing the
alkoxylation process in continuous devices have been made. In Table 6.1-1 examples
of the reaction conditions adopted by different authors are summarized and
compared, also in terms of system productivity expressed as the quantity of product
obtained per unit of time and per unit of reactor volume.

By Using tubular reactors, even working under optimized process conditions of
pressure and temperature, there are problems for what concerns the thermal control
of the system. This fact has been solved by lowering the ethylene oxide concentration
by splitting the feed at different points along the tubular reactor. This solution leads
to drawbacks and difficulties due to the necessity of a very complex process control
system, particularly in the case of high numbering-up (replication of multiple reactor
modules) (Hinz & Dexeimer, 2002; Hubel et al., 2005; Nikbin et al., 2018; Umbach &
Stein, 1971a).

A possible solution to control of temperature can be the use of a coiled tubular
reactor as suggested in a pioneering work of Umbach and Stein (Umbach & Stein,
1971a). In their investigation these authors have tested ethoxylation and
propoxylation reactions in two types of tubular reactors consisting in a stainless-steel
tube of different diameters (6 and 9 mm) arranged as coils. With this experimental
setup, the authors were able to obtain a complete conversion of alkoxides in very
short residence times, in the range 15-150 sec, which is much lower than the resident
time characteristic of discontinuous processes. The system is operated under high
pressure (60-100 bar) to maintain ethylene or propylene oxide in liquid state while
the temperature of the feed is quite low (60-70 °C).

The two reactors are designed with a very high L/D ratio (respectively 2500 and 1400)
for a better performance in heat removal, nevertheless a rather high temperatures
were reached along the reactor with a characteristic profile. The achieved
temperature peaks obtained with different systems tested by the authors, can be
observed in Figure 6.1-1.

As it can be seen, the maximum temperatures reached were in the range of 240-
300 C. Even if only reactions with low alkoxylation degrees were tested in this
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investigation (2-4 moles of alkoxide per mole of substrate), the productivities
obtained resulted very interesting, giving place to a product throughput up to 100-
120 kg/h that corresponds to a monthly production of 60-70 ton and with a specific

productivity of 120000 kg/(h m3).

Table 6.1-1 — Summary of the typical reaction conditions and related results for different alkoxylation

processes performed in continuous reactors (t: residence time; P: productivity). *mol %.(Tesser et al.,

2020)
Reactor Alcohol Cear, Type of | Alcohol/Alkoxid | Twmax T,s P, Ref.
(Alkoxide) w% cat. e ,°C kg/(hm3
)
Umbach
. Ci214 NaOCH .
Coiled tubes 0.10 1:1-1:6 mol/mol 287 25 120000 and Stein
(EO/PO) 3
1971
Hinz and
. Sucrose .
Coiled tubes 0.40 KOH 11.4:5.8 w/w 180 600 - Dexheime
(EO/PO)
r 2002
Microchannel Butanol . Hubel
3.00 KOCH3 1:35 mol/mol 190 200 -
s (EO/PO) 2010
Microchannel Octanol . 1:3-1:6-1:9 Rupp et
0.66 KOH 240 50 12600
s (EO) mol/mol al. 2013
Falling film n-nonyl phenol Aigner et
. 0.60 NaOH 1:7 mol/mol 220 160 22000
multipipe (EO) al. 2016
Stirred Polyo: opylentri
: yoxypropylentrl 1500 Yamada
compartment ol 0.05 DMC 1:4.2 w/w 120 324
0 et al. 2006
s (PO)
c McDaniel
CSTR (Eg) 0.18 La(POa) 1:1.4w/w 170 7200 450 and Reese
2007a
McDaniel
Ci216 0.014 1296
Two CSTR DMC 1:1.4 w/w 130 255 and Reese
(EO) 4 0
2007b
Nonylphenol McDaniel
0.013 1332
Two CSTR ethoxylate 3 DMC 1:1.9w/w 130 0 195 and Reese
(EO) 2008b
Ca6 diol 2160 Villa et al.
CSTR+PFR 0.3 DMC 1:9w/w 140 150
(EO/PO) 0 2014
Glycerol alkoxylate 0.005 Verwijs et
CSTR+PFR DMC 1:4.2 w/w 125 8700 372
(PO) 8 al. 2008
Glycerol 2520 Weston et
CSTR+PFR 0.4 DMC 1:10.3 w/w 160 130
(EO/PO) 0 al. 2012
Glycerol 1:2.7:33.1 w/w Lai et al.
Two CSTR 0.002 DMC 140 - 653
(EO/PO) (EO/PO) 2019
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Fig. 6.1-1 — Temperature peaks for the ethoxylation of fatty alcohols, (Umbach & Stein, 1971a).

The same concept has been developed for sucrose-based polyether production, in
the patent by Hinz et al. (Hinz & Dexeimer, 2002). These authors used concentrated
aqueous solution of sucrose (60% by weight) as substrate to be epoxidized and
various mixture of EO and PO as epoxides mixture. The employed catalyst was KOH
at 0.4 wt%. For example, by using two reactor modules connected in series, with a
thermostating fluid respectively at 140 and 180°C and with a feed ratio of sucrose
solution and epoxides equal to 11.4:5.8 they obtain an average ration of (EO,
PO)/sucrose of around 5.2 mol/mol. The adopted reaction pressure was 36.5 bar.

The concept of using a reactor of high L/D ratio, for maximizing the heat removal
efficiency, can be further stressed by passing to microreactors. Hubel et al. patented
in 2010 used different microchannel devices to perform the alkoxylation of alcohols
(Hubel et al., 2005). The authors stated that microdevices are characterized by a very
high efficiency in both mass and heat transfer. In this way, it is possible to run the
reaction in safe conditions by using microplates, whose microchannels (capillaries of
a 600 um hydraulic diameter) are optionally coated with catalysts, where alcohol and
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epoxide are mixed directly at the entrance of the plate (see Figure 6.1-2). In this way,
the two solutions get totally mixed and temperature peaks are avoided. The
described setups allow working in different configurations, characterized by the
presence of heating/cooling plates that are alternated to plates where catalyst is
present. The configurations differ in how the epoxide is fed to the reactor. In fact, it
is possible to either feed the entire stream to the first plate or feed the mentioned
stream in different point of the microreactor, keeping its concentration almost
constant along the axial coordinate. The authors claim that a system like that can
work at a temperature up to 400°C and at a pressure up to 800 bar, to keep the
reaction media in liquid phase. From the different examples that the author reported,
it is interesting to observe that by working with a residence time of 200 s at 190 °C
and 120 bar it is possible to achieve 99.6 % conversion. Different EO/butanol molar
ratios were used between 9 and 65. The microreactors showed in Figure 6.1-2 have
two possible channels structures for the reaction side, that differ in the geometry
(one is zig-zagged, the other step-wised) and the possibility to feed fresh reactants
also along different positions of the channel itself.

Process
Service

Epoxide — Products

Alcohol

%

@ Inlet points O Outlet points

Fig. 6.1-2. Microreactor designed by Hubel et al. 2010. Maximum working pressure: 800bar; working
temperature: -10 to 300°C; channels diameter: 600um. Inspired by Hubel et al. 2010 (Tesser et al.,
2020).
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Moreover, the authors claim that a relatively high ethoxylation degree can be
achieved in the micro structured device described above. A molar ratio EO/alcohol of
35 with a polydispersity index of 1.06 were achieved by using the conditions reported
in Table 1 and potassium methoxide (3% mol) as catalyst. In this way a very low
concentration of unreacted EO (<10 ppm) was found in the reactor outlet stream.

Rupp et al. (Rupp et al., 2013b) studied octanol ethoxylation by using a single
microchannel reactor immersed in a thermostatic bath. These authors performed an
extensive experimental and modeling investigation on the possibility to continuously
produce ethoxylated octanol, to a various degree, in a short residence time with
interesting productivity results. The reactors used in this study are characterized by
L/D ratio in the range 2000-4600 and are constituted by microchannels with
diameters of respectively 250 and 876 um. The feed to the reactor consists in two
separate streams: one contains octanol and dissolved catalysts (potassium
octanoate) and the other is ethylene oxide in the desired ratio. Just before the reactor
a micromixer (SIMM V2 by IMM, Mainz) is installed to ensure a complete mixing and
homogenization of the reactants. As before, the pressure was kept in the range 90-
100 bar by means of a back-pressure regulator for ensure a liquid-phase reaction and
the kinetic investigation of these authors covered the temperature range 130-240°C.
In these operative conditions, a residence time of 50 seconds resulted enough to
reach a complete conversion of ethylene oxide and to obtain an ethoxylation degree
on octanol in the range 3-9. In this specific experimental device, the maximum
throughput was 0.5 cm3/min that is very low, however the productivity, defined as
the amount of product obtained per hour and per m3 of reactor, is on the contrary
very high: 12600 kg/(h-m?3).

The problem of the low productivity of microreactors in the alkoxylation reaction has
been recently faced and solved by the Microinnova Engineering GmbH, using a micro
structured chemical reactor developed by the Institut fir Mikrotechnik Mainz (IMM)
GmbH with innovative fabrication techniques reported in (Kralisch et al., 2012). The
reactor is built with the concept of modularity which allows the manufacture of
different reactors according to the requirements of the process (see sketch in Figure
6.1-3). Microinnova has designed and built an alkoxylation plant with a productivity
of 20 Kg/hr. This plant is now on stream and a new plant with a productivity of 200
kg/h is in assembling. The authors claim that working with their multiple plates
microreactor, it is possible to scale down the reaction times from 12 h to 1 min,
keeping the same product characteristics, with an intensification factor of about 700.
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Fig. 6.1-3. Microinnova alkoxylation plant scheme. (Tesser et al., 2020).

Other kind of reactors are also present in the literature which structure is more
traditional with respect to the already presented microchannel or microstructured
reactors. For example, Yamada e al. (Yamada et al., 2006) patented a tubular reactor
constituted by different plates stirred by dynamic impellers. Both the epoxide and
initiator/catalyst mixture are fed from the bottom and the vessel is kept under
pressure by an external vessel pressurized with nitrogen. The reactor can be operated
also by feeding ethylene oxide in the different stirred sections of the reactor body
(see Figure 6.1-4 A). A second configuration is also shown, where the mentioned
reactor is placed in a loop (see Figure 6.1-4 B). This last setup could be particularly
interesting as a heat exchanger can be installed on the circulation line improving the
reaction heat removal. In the patent of Yamada et al. (Yamada et al., 2006) different
examples are reported and among them is worth to note a case in which a reactor
configuration like the scheme of Figure 6.1-4 A was used. The reactor (6.5 cm of
internal diameter) was constituted by 10 compartments each of them of 100 cm? and
operated at 120°C and 15 bar. The authors worked with the double metal cyanide
catalysts (DMC), zinc hexacyanocobaltate complex, patented firstly by General Tire’s
in 1960s and widely used in alkoxylation reactions (McDaniel 2007). The stirring
speed was 900 rpm, DMC was used as catalyst with a concentration of 0.05 wt% in
the initiator. The feed was 2 g/min of polyoxypropylentriol as initiator and PO was
adopted as epoxide. This last was fed at a rate of 1.68 g/min to each 1°, 3°, 5° 7° and
9° compartments. After 30 minutes of operation the reactor reached stationary
conditions with a complete conversion of PO and with a polydispersity index of 1.12
and with a productivity of 624 kg/(h m3).

The strategy to employ CSTR reactor for continuous ethoxylation, instead of tubular
reactor, have been extensively studied by McDaniel and Reeser ((McDaniel, 2011;
McDaniel & Reese, 2008, 2009, 2010). Two interesting examples are reported here
to illustrate the approach based on CSTR reactor. In a first example, a single CSTR
reactor of around 1900 cm? of volume and equipped with thermal and pressure
controls, was used to conduct ad ethoxylation at 170°C at 3 bar with La(PO4) as
catalyst (McDaniel, 2011) The scheme of this reactor is reported in Figure 6.1-5.
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Fig. 6.1-4. Scheme of reactors patented by Yamada et al. 2006. A — continuous reactor with different
stirred compartments; B — continuous reactor with stirred compartments operated inside a circulation

loop. Inspired by Yamada et al. 2006.(Tesser et al., 2020).
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Fig. 6.1-5. Scheme of single CSTR reactor for ethoxylation. Inspired by (McDaniel 2011, Tesser et al.,
2020).

The reactor, initially charged with an ethoxylated Ci13/EO=6.5, was fed with 8.34
g/min. of EO and 5.83 g/min. of a mixture Ci3/catalyst. With a residence time of 2 h
a complete conversion of EO was reached and the product was characterized with a
polydispersity index of 1.12. In a second example, the strategy of multiple-stage
reactors in series with intermediate feed of EO was adopted (McDaniel & Reese,
2010). The scheme is illustrated in Figure 6.1-6.

8 8

EO
—_—
EO Product
— —
(- ) (- o)
Initiator
catalyst

Fig. 6.1-6. Scheme of CSTR reactors in series for ethoxylation. Inspired by (McDaniel & Reese, 2010,
Tesser et al., 2020).
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The two reactors schematized in Figure 6.1-6 have a volume of, respectively, 4.5 and
9 liters. DMC was used as catalyst with a concentration of 144 ppm. The first reactor
was fed with 23.95 g/min. of initiator (ethoxylate of Neodol 25) and catalyst in a first
stream and with 16.7 g/min. of EO in a second stream. A further feed of 16.7 g/min.
of EO was fed to the second bigger reactor. An overall molar ethoxylation degree of
6.6 was obtained with a residence time of 1.5 hours in the first reactor and 2.1 hours
in the second. Finally, a polydispersity index of 1.10 was obtained for the product
stream. The same apparatus described in Figure 6 was used by McDaniel (McDaniel
and Reeser 2008 a, b) for the continuous ethoxylation of a different initiator, based
on nonylphenol ethoxylate and with DMC catalyst. At 130°C and 3.5 bar a productivity
of 195 kg/(h*m?3) was obtained.

Villa et al. (Verwijs et al., 2008; Villa et al., 2014; Weston et al., 2015) showed another
interesting aspect of DMC catalyst that could favor their industrial application. These
catalysts are thermally deactivated, fact that increases the safety of the process. By
working with this catalyst, it is possible to reduce the maximum temperature that the
system can reach. In Figure 6.1-7 (left), it is possible to observe that KOH leads to a
higher temperature than DMC. Moreover, starting from different initial
temperatures, it is possible to reach different maximum temperatures (Figure 6.1-7,
right plot). As it is evident, a slope of temperature increase is still present but very
smooth. Thus, it is possible to take all the safety procedures to stop the reaction.

These authors reported different example in their patent and, as example, a reaction
in liquid phase under pressure adopting a CSTR reactor enclosed in a circulation loop
and a tubular reactor used as digestor of the unreacted monomer (PO). By using a
glycerol alkoxylate as initiator and propylene oxide as monomer an overall
productivity of 372 kg/(h*m3) was obtained at relatively low temperature (110°C in
CSTR and 125°Cin PFR).
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Fig. 6.1-7. Comparison of the maximum achievable temperature for KOH and DMC catalyst (right).
DMC performances at different initial temperature values (left). (Tesser et al., 2020).

For what concerns rector configuration, in the patent of Villa et al. (Villa et al., 2014)
different loop continuous systems are proposed and, among them, particularly
promising is represented schematically in Figure 6.1-8. In an example reported by
these authors, two reactors (CSTR and PFR) with volume, respectively, of 28 and 25 L
were used to process a diol of 400 Da and obtain a product of 4000 Da that
corresponds to an EOQ/S molar ratio of about 80. The catalyst concentration of 25 ppm
and reaction temperature of 140°C were used as other conditions. A high circulation
flow rate of 7500 kg/h was adopted to minimize temperature and concentration
differences (max AT=1°C). With a residence time of 3 hours in each reactor the
authors obtained a residual EO concentration in the loop of 0.3% and a product with
a polydispersity index of 1.11.

In 2016, Aigner et al. filed a patent claiming a new reactor technology dedicated to
the continuous alkoxylation reaction of a generic substrate with active hydrogen
atoms (Aigner et al., 2016). The reactor is designed as a concentric tubular reactor in
which an annular space is obtained for performing the reaction continuously (see
sketch in Figure 6.1-9).
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Fig. 6.1-8. Scheme of reactors combination proposed by Villa et al. 2014 (Tesser et al., 2020).

In this way the annular gap reaction volume (width 6.5 mm, diameter 5 inches, length
5 m) is very similar to a thin film with enhanced properties of thermal exchange and
able to achieve safe operation. Such a reactor system is characterized by a L/D ratio
of about 770 and can achieve a product throughput of 250 kg/h (7 moles of EO per
mole of n-nonyl phenol) in correspondence to a residence time of roughly 160 sec
and with a productivity of 22000 kg/(h*m?3). The authors claim the possibility to
complete the reaction either in a separate tank or in the same reactor by introducing
a higher volume at its bottom. In this way, products of different properties can be
produced. Despite this reactor was built in a quite complex way, it opens the
perspective of a real industrial utilization in the field of alkoxylation technology.
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Fig. 6.1-9. Concentric tubular reactor with annular space. Inspired by Aigner et al. 2016 (Tesser et al.,
2020).

In the patent of Lai et al. (Lai et al. 2019) two CSTR reactors connected in series,
allowed to obtain a polyolether constituted by EO/PO copolymer (Hreczuch et al.
2016) using DMC as catalysts (20 ppm) at a temperature of 140 °C. Glycerol was used
as starter and in the final product a weight ratio PO/EO of 12 was obtained.
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Another very interesting reactor configuration was proposed by Nikbin et al.(Nikbin
et al., 2018). The continuous reactor was assembled as three concentric tubes (tube-
in-tube setup) schematically represented in Figure 6.1-10. In the inner, small
diameter tube, alkoxide is fed and can be distributed along the reactor axis at
different axial position; in the intermediate annular section, the reaction zone, the
starter is fed and the reaction occurs with alkoxide coming from holes in the inner
tube. Between the larger external tube and the intermediate one, the cooling fluid is
fed allowing an optimal temperature control.

Alkoxyde flow
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Fig. 6.1-10. Tubular tube-in-tube reactor proposed by Nikbin et al. 2018. Inspired by Nikbin et al. 2018
(Tesser et al., 2020).

With this configuration, the authors described the use of a very long reactor (200 m)
with a volume of 50 m3. The reactor was operated in three sections to demonstrate
the flexibility of the operation: in the first 50 m PO was fed through the holes of
internal tube; in the next 104 m EO was added in the same way and the remaining 46
m were used as cooking section.
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6.2 Conclusions

The chapter is devoted to continuous alkoxylation, a promising perspective nowadays
available for performing alkoxylation reactions. It has been demonstrated that
specifically designed continuous reactors can furnish very good performances in
terms of productivity and for ensuring safe operation in the adopted conditions. The
reactors are characterized by sufficient flexibility to achieve different alkoxylation
degree being, in this way, suitable for different productions. The obtained
productivity is sufficiently high to guarantee, also considering reactor modularity, the
possibility of useful industrial applications. Employing these emerging technologies,
a new era in alkoxylation technology could start in a near future. In perspective, more
experimental and theoretical activities are indeed necessary to confirm the
interesting data that emerged from the preliminary literature reports. This could
allow to achieve the conceptualization of new open process windows for the
alkoxylation reaction, realizing prototypes solving the numbering-up issues (Hessel et
al., 2014).
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Chapter 7- Alkoxylation in milli and micro reactors

In the Chapter 6 the possibility to use microreactors to ensure good productivities
and good control was claimed. Microreactors are particularly suitable for very
exothermic reactions, i.e., alkoxylation, involving also multiphase reactions, thanks
to the high heat and mass transfer exchange. Such reactors were tested in the
literature, in the case of 1-octanol ethoxylation promoted by KOH as catalyst,
showing good performances in terms of reaction conversion and thermal control,
allowing to work at relatively high temperatures (240°C) (Rupp et al., 2013a, 2013c).
Rupp et al. published a paper using an experimental setup allowing to work under
pressure (90-100 bar), thus with a single liquid phase. A microdevice characterized by
an inner diameter of 250 um was used, adjusting the length of the device to ensure
the desired residence time. For further details, please check the literature (Rupp et
al., 2013c). Even though in the adopted experimental conditions it was demonstrated
that the flow-pattern is laminar (Hermann et al., 2016), the collected data were
simulated first with a simple plug-flow model approach (Rupp et al., 2013c) and
successively with a complex model based of CFD calculation. The approximation to
plug-flow certainly leads to a non-rigorous determination of the parameters related
to the intrinsic kinetics of the reaction, on the other hand the use of a complex CFD
model gives some problem in the use it for design purpose or to fit experimental data.
To solve these aspects, in the present thesis chapter a laminar-flow model was
applied to the description of the experimental data collected by Rupp et al. and
compared with the results obtained with a plug-flow model. In the Rupp et al. runs
an isothermal condition was hypothesized and proven with dimensionless analysis.

In this chapter, the isothermicity of the runs is proven by also introducing an energy
balance into the model. The results obtained using a plug-flow model reactor and a
laminar-flow model in the simulation of Rupp et al. runs have been reported in the
chapter (Russo et al., 2023). Moreover, the model has been used to design a flow
ethoxylation reactor with a productivity interesting for industrial applications (Russo
et al,, 2023).
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7.1 Laminar flow model for micro and milli reactors

The experimental apparatus used in Rupp et al. paper (Rupp et al., 2013c) consists in
a microreactor working under pressure, to warrant the existence of a unique liquid
phase, characterized by a laminar flow regime. The authors conducted 1-octanol
ethoxylation in the presence of KOH as homogeneous catalyst.

The development of the design equation of the laminar flow reactor model (LFR)
implies the definition and solution of material balance on the microstructured
reactor, comprising the following terms:

° Flow term: related to the convection of reactants/products by laminar flow

profile.

° Diffusive term: representative of the transport of matter by the concentration
gradient along the radial coordinate.

° Kinetic term: represented by the reaction rate, indicating the

generation/consumption term.
Therefore, the equation takes the form reported in Eq. 7.1-1.

2
u(y) 96 y) _ D, ( 0¢ (Zz’y) + 19¢(z,y) ] +vr(z,y) (7.1-1)
0z oy y 0y

With, u(y) fluid velocity [m/s], ci concentration of specie i [mol/m3], z axial coordinate
[m], Di molecular diffusivity of component i [m?/s], y radial coordinate [m], vi
stoichiometric coefficient of component i and r reaction rate [mol/(m3*s)].

Being the flow laminar, the velocity profile assumes a parabolic trend with the radial
coordinate, y, that can be described by Eq. 7.1-2.

u(y) =, {1—[%]2} =21 {1—(@2} (7.1-2)

The mass balance reported in Eq. 1 can be written in a more compact and practical
form adopting mathematical rearrangements.

For instance, axial coordinate z can be converted to residence time t:

y_L14_1L (7.1-3)

vV vV u
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with A the cross-sectional area [m?], L the reactor length [m], V the reactor volume
[m3], ¥ the volumetric flowrate [m3/s] and u# the average flow velocity [m/s]. Thus,

=2 (7.1-4)
u

Deriving Eq. 6.1-4, it is possible to obtain:

9z = udt (7.1-5)

Concentration can be expressed in terms of reactant conversion starting from its
definition:

¢, = ¢ (1-x,) (7.1-6)
with, ¢jo the feed concentration of component i.

Deriving Eq. 7.1-6, it is possible to obtain:
dc,=0(cy(1-x))=c,0(1~-x,)=—c,,0x, (7.1-7)

Finally, it can be possible to introduce a dimensionless reactor radius coordinate, A:

le (7.1-8)

Deriving Eq. 7.1-8 it is possible to obtain:

0y = ROA (7.1-9)
Thus, the velocity profile becomes:

u(y)=2u[1-2* | (7.1-10)

Inserting Egs. 7.1-5, 7.1-7, 7.1-9 and 7.1-10 in Eq. 7.1-1, it is possible to obtain the
following mass balance equation:

— . . 2 .
—Zdl—ﬂz-iﬁégiz—I%(qﬁa.%—kiﬁl—gﬁj+vr (7.1-11)

u ot R* 01 R AdA)
Rearranging, the following form can be derived:

ox. D
20-2%)—L ==L
( )6r Rz(

O'x,  10%

iy —y (7.1-12)
YRy

Cio
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The reactant conversion, more specifically xco, shows a parabolic trend with the
reactor radius coordinate. For instance, depending on the radial position, different
flow velocities are expected due to Eqg. 7.1-2: at the reactor center, the liquid flow
shows the highest velocity, thus a low conversion, while at the pipe radius the fluid
velocity approaches zero, leading to a higher conversion.

The following boundary and initial conditions were imposed to solve the partial
differential equation system.

X,,(VA)=0 (7.1-13)
L) (7.1-14)
01,
Xy (7.1-15)
OA |,

For instance, at t=0, the ethylene oxide conversion was assumed zero. Both at the
reactor center and walls, the first derivative of conversion along the dimensionless
radius coordinate was considered zero, for symmetry reasons.

As the experimental data collected at the pipe outlet represent an average of the
ethylene oxide conversion profile along the radius, an average conversion must be
defined, using the integral average approach:

j Xy (ADu(A)27Ad A
Xy = L (7.1-16)
j u(A)27Ad A

By introducing Eq. 7.1-2 in Eq. 7.1-16, the following expression can be obtained:

ijO ()2(1-4%)272d A
Xpp =L (7.1-17)
jz(l—/lz)zmld;t
0

As revealed, the average ethylene oxide conversion is independent on the average
fluid velocity.
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Reaction rate was fixed as a first order equation with respect to both ethylene oxide
and catalyst concentration, as reported in the literature (Rupp et al., 2013c):

r=kc,,c (7-1'18)

EO ™ cat

Where, the catalyst and the feed ethylene oxide concentrations were calculated
starting from the definition of €0 and K, representing respectively the feed ethylene
oxide/octanol molar ratio and the catalyst/octanol molar ratio.

1
M,,+M,/s,

Crop = Pix0 (7.1-19)

K/e¢

0
C = p.
“ My, +M, /g, 0

(7.1-20)

The kinetic constant dependence with temperature was taken into consideration by
imposing the modified Arrhenius equation, Eq. 7.1-21.

k =k, exp JEPL L (7.1-21)
' R\T T,

Where, Trer=473K.

Temperature variation was included by solving simultaneously the dimensionless
energy balance equation reported in Eq. 7.1-22. The mathematical derivation is
totally symmetrical compared to the mass balance, thus not reported here.

— )20 s (B 19Ty it _
2(1 =A%) - = (= + o~ P—— (7.1-22)

Where the reaction enthalpy value was equal to A:H=-92000 J/mol (Di Serio et al.,
2021).

The initial and boundary conditions needed to solve Eq. 7.1-22 are reported in Egs.
7.1-23-7.1-25.

T,(VA)=T,, (7.1-23)
T _y (7.1-24)
07,

A (7.1-25)
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For instance, at =0, the temperature was assumed to be constant at a set value. At
the reactor center, the first derivative of temperature along the dimensionless radius
coordinate was considered zero, for symmetry reasons, while temperature at the
reactor walls was considered constant at a fixed value, as milli/micro reactors are
characterized by high heat transfer efficiency.

The partial differential equation (PDE) system describing the single liquid phase
reactor was solved adopting the pdepe function implemented in Matlab R2020a.
Parameter estimations were conducted using particleswarm algorithm provided in
Matlab, imposing the objective function calculation as it follows.

2
1 Ndata X — %
F;bj - - z EO,EXP FEO,CALC (6 1-26)

N \ 3 XEo0,Exp

7.2 Physicochemical properties

Several physicochemical properties are needed to be implemented within the model,
in particular liquid density and viscosity.

Liquid density dependency with temperature (7), the initial ethylene oxide/substrate
ratio (o) and ethylene oxide conversion (xeo) was taken from the literature (Rupp et
al., 2013c). Rupp et al. precisely determined the mentioned functionalities, by
collecting experimental data and proposing semi-empirical equations, listed below as
used in the model, Egs. 7.2-1, 7.2-2.

P ooy =1062—231.2(0.82700) (7.2-1)

Poie = Pyroa +8:69(1— X508, —0.36(1 X )&,” +
—0.10(T —273) = 0.0021(T —273)> —=0.101(T = 273)(1 - x,, )&,

(7.2-2)

Ethylene oxide and 1-octanol viscosities were determined using ChemCAD database
(Chemstations, n.d.), adopting the following expression.

In(n,) = (4, + B, /T + C,In(T)) (7.2-3)

The coefficients for ethylene oxide and 1-octanol are listed in Table 7.2-1.
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Table 7.2-1 — Viscosity coefficients of ethylene oxide and 1-octanol.

Component A Bi G
Ethylene oxide -8.521 634.2 -0.3314
1-octanol -50.674 4725.1 5.2499

Both specific heat and heat conductivities of the mixtures were calculated starting
from the related values of pure ethylene oxide and alcohol. Both were taken as a
function of the temperature from ChemCAD database (Chemstations, n.d.), Eqs. 7.2-
4-7.2-7.

Copo=1.45.10°-758.87 T +2.8261-7T%~0.00306-T" (7.2-4)
C o =514-10°-54970-T +228.72-T"~0.40331-T°+0.00025844-T* (7.2-5)
Aro =0.26957-0.0003984-T (7.2-6)
A, =0.220444-0.00018378-T (7.2-7)

Both the specific heat and heat conductivity of the mixture were calculated as
weighted average of the pure components.

c 1000 c 1000
Cpmix = Cp k0 — +C,0 2.2 (7.2-8)
Cro.0 T Coy0 My, CrooTCo0 My
C C
Auix = Ao =L+ Ao 2 (7.2-9)
Cro0 TCoo Croo TCo0

To use the previous described model, molecular diffusivity must be estimated as one
of the key parameters in correctly predicting the concentration gradients along the
pipe radius.

At this purpose, ethylene oxide diffusivity was determined using the Scheibel
correlation (Poling et al., 2001), Eq. 7.2-10.

D ag, T

EO — 1/3
77mix Vmix

(7.2-10)

where, ago = 1.751-10°%6,
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The Scheibel correlation shows the dependence of the diffusion coefficient with the
absolute temperature. Therefore, both the viscosity and the molar volume of the
liguid mixture must be known. During the ethoxylation reaction, ethylene oxide is
consumed, and oligomers are formed, consisting in chains of ethylene oxide added
to one alcoholic molecule (i.e., 1-octanol). Thus, both the viscosity and the molar
volumes of the liquid mixture are a natural function of the conversion degree.

Moreover, depending on the feed ethylene oxide/substrate molar ratio, different
oligomers distribution can be obtained.

The molar volume can be easily calculated from the density liquid mixture, that was
experimentally measured by Rupp et al. (Rupp et al., 2013c), obtaining a function of
both xeo, T and &o, using Eq. 7.2-11.

Ve == (7.2-11)

mix

With, the molecular weight of the mixture is defined as a function of the ethylene
oxide conversion degree and the feed ethylene oxide/1-octanol molar ratio, as in Eq.
7.2-12.

M, =My+ex0M g (7.2-12)

mix

The liquid mixture viscosity was calculated weighting the ethylene oxide and the
oligomer viscosity, by respectively the ethylene oxide conversion and the related
complementary to one.

(7, = 1007 ,0)% 0 + 107 00me )1 = X40) (7.2-13)

The oligomers viscosity was calculated using the Orrick and Erbar method (Poling et
al., 2001), using the mixture density and molecular weight above mentioned, Eq. 7.2-
12.

ln(noligomcr) = (Aoligomcr + Boligomcr /T) + ln(pmixM mix) (7'2-14)

The correlation was tested for 1-octanol, obtaining less than 1% deviation with the
data retrieved from ChemCAD database.

To simplify the mathematical treatment, data were simulated varying both T and &o,
first at zero conversion, then varying the ethylene oxide conversion. The results are
reported in Figure 7.2-1, revealing a strong dependency of the diffusion coefficient
with the conversion degree, as the viscosity of the product increases with conversion.
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Fig. 7.2-1. Evolution of ethylene oxide molecular diffusivity as a function of temperature, ethylene
oxide conversion and initial ethylene oxide/1-octanol molar ratio. Symbols represent the calculated
values with Eq. 6.4-7, lines the fitted values (V. Russo et al. 2023).

The simulated data were fitted to introduce in the model a simple equation, obtaining

the fits reported in Figure 6.2-1 and the coefficients reported in Egs. 7.2-15 and 7.2-
16.

Dyyo=(=8.32-107+377-10"2)+ (111-1072 +307-10"5¢,)T (7.2-15)

D,y =D,p,exp(-67.75-107Tx,,) (7.2-16)

As revealed, a good fit was obtained in every case.
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7.3 Simulation and parameter estimation activities in laminar regimes

7.3.1 Application of the model to experimental ethoxylation data

The developed laminar flow mode was applied to describe the kinetic data collected
by Rupp et al. (Rupp et al., 2013c). The fit obtained is reported in Figures 7.3-1 and
7.3-2.

o T=453K © T=473K ~ T=493K v T=513K
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Fig. 7.3-1. Data fitted to experiments in which both residence time and initial ethylene oxide/1-octanol
molar ratio were varied as a function of temperature, ranging from 453-513K. Symbols represent the
experimental data, lines the calculated values (V. Russo et al. 2023).
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Fig. 7.3-2. Data fit for experiments were both residence time and initial ethylene oxide/1-octanol
molar ratio are varied at 403K. Symbols represent the experimental data, lines the calculated values
(V. Russo et al. 2023).

The model describes adequately the experimental data in every case, varying both
temperature and the feed composition, showing high flexibility of the model.

Temperature profiles were monitored in every case, verifying that working at
constant wall temperature, negligible temperature gradients are calculated
expected, both at T=453 and 513K (Figures 7.3-3 and 7.3-4), while wide conversion
gradients are expected at high residence times at both temperatures.
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Temperature EO Conversion

Fig. 7.3-3. Temperature and EO conversion trends along the residence time and the dimensionless
radial coordinate, fixing £0=3, cat=0.66% mol/mol, Treea=453K (V. Russo et al. 2023).
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Fig. 7.3-4. Temperature and EO conversion trends along the residence time and the dimensionless
radial coordinate, fixing €0=3, cat=0.66% mol/mol, Treea=513K (V. Russo et al. 2023).

The estimated activation energy value and the reference kinetic constant are
reported in Table 7.3.1.

Table 6.3-1 Results of the parameter estimation activity.

Value Units
Ea (81.1 £0.8)-10° J/mol
kref(Tref:473K) (1.2 + 0.1)'10-3 m3/(m0| S)
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As revealed, the confidence interval associated with each parameter is reasonable
showing high statistical significance of the obtained parameters.

The obtained parameters were compared with those reported in the literature
(Figure 7.3-5, showing that the highest deviation with the ones reported by Rupp et
al. can be observed at high temperatures, i.e., at 7=513 K a 47% of difference can be
calculated.
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Fig. 7.3-5. A. Comparison between the Arrhenius plot of different papers. B. Comparison between the
kinetic constants obtained in the present paper and by Rupp et al. 2013 (V. Russo et al. 2023).
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Finally, the performance of the laminar flow model was compared with a classical
plug-flow fluid-dynamics. As revealed in Figure 7.3-6, at T=493 K, the laminar flow
reactor predicts strong conversion gradients, reaching ethylene oxide full conversion
at the reactor’s wall. The highest difference with the plug-flow model is expected at
higher residence times.
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Fig. 7.3-6 — Comparison between laminar flow model (A) and plug flow model (B) simulations, imposing
Treed=493K, £0=3, cat=0.66% mol/mol (V. Russo et al. 2023).
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7.3.2 Simulation of larger reactors

Rupp et al. showed that the use of microreactors assure the control of the
temperature inside the reactor and they have also a great productivity (500-fold
increase compared to the stirred tank reactor). However, the numbering up does not
seem to be an industrial solution (45000 tube of 0.5 mm x 10 m are necessary).

The increase of tube diameter could improve the productivity, but it could lead to hot
spot for the lowering of heat transfer efficiency. Thus, simulations were conducted
using larger reactors, characterized by an internal diameter of 9 mm (Figure 7.3-7),
imposing Treed=453 K, £0=3, cat=0.1% mol/mol, L=50 m. Several simulations were
conducted lowering the catalyst load, but the system was always characterized by a
runaway behavior.

o [molim®]

Fig. 7.3-7. Temperature and ethylene oxide concentration trends along the dimensionless axial
coordinate and the dimensionless radial coordinate for a reactor characterized by 9 mm inner
diameter, imposing Treea=453K, £0=3, cat=0.1% mol/mol (V. Russo et al. 2023).

As revealed, high temperature gradients are expected to occur when the diffusion
path increases, leading to possible runaway risks.

Finally, an additional simulation was conducted simulating the performance of the
system obtainable adopting always an inner diameter of 9 mm, thus simulating an
industrial pipe, but with a lower EO feed (g0=1), assuming to add subsequently
ethylene oxide at different reactors length (Figure 7.3-8).
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As revealed, also in this case the system is in runaway. Thus, the necessity to work
under plug-flow regime to ensure better thermal control is needed.

g0 [mol/m?]
4260

Lawpow) 20

Fig. 7.3-8. Temperature and ethylene oxide concentration trends along the dimensionless axial
coordinate and the dimensionless radial coordinate for a reactor characterized by 9.0mm inner
diameter, imposing Treed=443K, £0=1, cat=0.1% mol/mol (V. Russo et al. 2023).

7.4 Simulation of reactors working in plug-flow regimes

A plug-flow model was implemented to simulate reactors working in conditions near

to ideality. The mass and energy balance equations adopted are reported in Egs. 7.4-
1and 7.4-2.

u oc

——L=yr (7.4-1)
L oy

EO_T _ ArH r+UA(T-Ty) )
Loy N Cp,mixPmix (74 2)

As revealed, the only unknown parameter of the model is the overall heat transfer
coefficient (U). To have an order of magnitude for a classical industrial pipe (9 mm
internal diameter), data from the literature were taken to estimate the order of
magnitude of this coefficient. Umbach reported the temperature profile along the
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axial coordinate for a coiled tube reactor characterized by a residence time of 25 s, a
reactor length of 12.5 m and a diameter of 9 mm, working with a jacket temperature
range between 185-235°C (Umbach & Stein, 1971b). The authors reported that by
working with g0=1 and a catalyst loading of 0.1%, a maximum temperature peak of
280°C was recorded.

The developed mode was applied, estimating U=0.4 kW/(m? K), value in line with the
order of magnitude reported in the literature, being between 0.2-1.0 kW/(m? K) (Bell,
K.J., 1983).

In this way, the parameter was fixed, and several simulations were conducted,
imposing £0=3, a pipe diameter of 9 mm. a fluid velocity of 0.05 m/s and a catalyst
loading of 0.1%, working with a feed temperature of 210°C. The length of the pipe
was fixed at 50 m. The result of the simulation is reported in Figure 7.4-1.
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Fig. 7.4-1. EO concentration and temperature profiles for a reactor working at Tfeea=210°C, u=0.05 m/s,
£0=3, catalyst concentration of 0.1%, reactor diameter of 9mm and length of 50 m (V. Russo et al.

2023).

As revealed, temperature increase cannot be considered acceptable, thus, the EO
feed was divided in three points, feeding €0=1 at the entrance of the pipe, and
injecting other two equivalents in terms of ethylene oxide content at 10 and 20 % of
the pipe. Ethylene oxide was fed at room temperature in an adiabatic mixer. The
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results shown in Figure 7.4-2 clearly demonstrate that it is possible to work at high
conversion in safe conditions.
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Fig. 7.4-2. EO concentration and temperature profiles for a reactor working at Treea=210°C, u=0.05m/s,
catalyst concentration of 0.1%, reactor diameter of 9mm and length of 50m. Ethylene oxide feed is
split into three streams, at 0, 10 and 20% of the pipe (V. Russo et al. 2023).

120



7.5 Conclusions

In the present chapter, a laminar flow reactor model was developed and successfully
applied to describe the experimental data reported in the literature. The
experimental data, derived from previous work, have been used to estimate reliable
kinetic parameters. The exothermicity of the system was proved by additional
simulations.

Larger reactors were considered, checking the possibility to conduct the operation at
the industrial scale, demonstrating the high flexibility of the model and its power in
predicting the alkoxylation system.

Final simulations were conducted using a plug flow model showing that it is possible
to work at high conversion and in safe conditions by using a multi-feed approach,
splitting the ethylene oxide stream in different positions of the pipe.

These results open the way to deeper experimental and theoretical investigation to
arrive at a final industrial configuration for a continuous ethoxylation reactor.
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Chapter 8 - Conclusions summarizing the scientific
achievements of the Candidate and being the basis of
the dissertation.

The candidate has been studying alkoxylation reactions since the beginning of his
scientific career. The results obtained (especially in kinetic study of alkoxylation
reactions) have been described in the first part of the dissertation together with the
state of the art of literature in the field of kinetics and catalysis of alkoxylation
reactions.

Building on this knowledge as innovative work in this dissertation, the results
obtained by the candidate in the intensification of the alkoxylation process are
reported.

In particular, a mathematical model was developed that can simulate the behavior of
new fed-batch reactor in which the peculiarities of both spray tower and jet-loop
reactors are found. The reactor showed similar productivity to that of jet-loop
reactors but retains the ability to work with a very low amount of initial sublayer thus
allowing a very high final alkylene oxide/substrate ratio.

Process intensification certainly comes from transforming processes from a fed-batch
mode to a continuous mode. Proposals from both the scientific and patent literature
are given in the dissertation.

Among the various proposals from the literature, micro- and milli-reactors are
certainly promising. Simulation models of both micro and milli-reactors have been
developed in the dissertation. The simulations show that microreactors provide
excellent temperature control but are characterized by low throughput; in contrast,
for milli-reactors both have high throughput, which is interesting for industrial
applications, but temperature control is nontrivial for these systems. The use of the
simulation model made it possible to identify the best reactor configuration and
operating modes to ensure good productivity while keeping temperature under
control.

These results of the dissertation will be the basis for the design, first of pilot plants
and then of continuous industrial alkoxylation processes.

Among the co-authored publications listed below, those that contribute novel
insights into the progression of knowledge involve the doctoral candidate personally
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programming the models and simulating the synthesis processes under specific
conditions. The candidate then compared these simulations to experimental data
from other authors published in the literature. The candidate creatively participated
in conceptualizing and planning the work, as well as in calculating and interpreting
the results, which were published with his co-authorship. These contributions have
been synthesized in this doctoral dissertation, representing compilation of the
Author’s recent advances in the chemistry and chemical engineering of oxyalkylation
reactions.

Summary of the Author's published output including the material described in the
dissertation, Part Il.

1. Russo, V., Tesser, R., Hreczuch, W., & DiSerio, M. (2023). Design of a
continuous device for ethoxylation reaction: The choice between micro and
milli scale. Chemical Engineering Research and Design. 194 (2023) 550-562,
https://doi.org/10.1016/j.cherd.2023.04.051.

2. DiSerio, M., Russo, V., Santacesaria, E., & Tesser, R. (2021). The Evolution of
the Fed Batch Ethoxylation Reactors to Produce the Non-lonic Surfactants.
Frontiers in Chemical Engineering, Vol. 3, Article 644719,
https://doi.org/10.3389/fceng.2021.644719.

3. Tesser, R., Russo, V., Santacesaria, E., Hreczuch, W., & DiSerio, M. (2020).
Alkoxylation for Surfactant Productions: Toward the Continuous Reactors.
Frontiers in Chemical Engineering, Vol. 2, Article 7.
https://www.semanticscholar.org/paper/Alkoxylation-for-Surfactant-
Productions%3A-Toward-the-Tesser-
Russo/a6b82dc93b5bf66cf4bd12f4e54c1c2dc9a34efd

4. M DiSerio (2019), Chemical reaction engineering as a bridge between nano
and macro world, Frontiers in Chemical Engineering, Vol. 1, Article 2,
https://www.frontiersin.org/articles/10.3389/fceng.2019.00002/full.

5. Santacesaria, E., Tesser, R., & DiSerio, M. (2018). Polyethoxylation and
polypropoxylation reactions: Kinetics, mass transfer and industrial reactor
design. Chinese Journal of Chemical Engineering, 26(6), 1235-1251.
https://doi.org/10.1016/j.cjche.2018.02.020.

124



List of Symbols

A

Ano,s

A, B, G
A,B,CD,E
Ao/igomer, Boligomer
AO

AOR

Asa0

B°

Baos
Bs,a0
Caos

Cat

Ccat

Ceo,0

Ceo

Ci
substrate
Ci

Cio

Coo

Co

Cp,EO
Cp,m/'x

Cp,0

Coro

Cs,a0

Dro
Deo,o
D;

Eq
EO
EOg
Feo

Cross sectional area

Coefficient in Eq. 3.2-8

Coefficients in Eq. 28

Parameters in Eqs. 3.1-1 and 3.2-1
Coefficient in Eq. 41

Alkylene Oxide

Reacted alkylene oxide

Cofficients in Eq. 3.2-9

Catalyst concentration

Coefficient in Eq. 3.2-8

Coefficient in Eq. 3.2-8

Coefficient in Eq. 3.2-8

Catalyst

Catalyst concentration

Initial ethylene oxide concentration
Ethylene oxide concentration

Ratio between the probability of reaction of oligomer i and

Concentration of species i

Feed concentration of component i
Initial octanol concentration
Specific heat of reactive mixture
Ethylene oxide specific heat

Specific heat of the mixture

Octanol specific heat

Specific heat of liquid ethylene oxide
Coefficient in Eq. 3.2-9

Reactor diameter

Ethylene oxide diffusivity

Initial ethylene oxide diffusivity
Molecular diffusivity of component i
Activation energy

Activation energy of reaction
Ethylene Oxide

Reacted ethylene oxide

Ethylene oxide feed

125



Fobj

Heo,s

Hnz,eo

Hnzs

[i]

Jeo

K

K

k

ko

ki

Kia

ko

k11

k12

k21

k22

Ke

Kref

L

Meo

Mimix

Mo
MOH/MOR
MWeo
MW,
MWhrono

N

NaoG

NaoL

Naor
NRrx(A0)iH

Ns
ns
Ndata
p
P°ro
P’s0
P%o

0
P°ro

o

Objective function

Ethylene oxide repartition constant

Solubility of nitrogen in ethylene oxide

Solubility of nitrogen in the substrate

Concentration of i in liquid phase

Gas-liquid mass transfer rate

Catalyst/octanol molar ratio

Henry solubility constant

Kinetic constant of reaction

Kinetic constant initial reaction rate

Kinetic constant of reaction rate i

Mass-transfer coefficient

Kinetic constant of propagation reaction rate
Kinetic constant of Ethoxylation of a primary alcohol
Kinetic constant of Ethoxylation of a secondary alcohol
Kinetic constant of Propoxylation of a primary alcohol
Kinetic constant of Propoxylation of a secondary alcohol
Equilibrium constant

Reference kinetic constant of reaction

Reactor length

Ethylene oxide molecular weight

Molecular weight of the mixture

Octanol molecular weight

Alkaline catalysts

Molecular weight of ethylene oxide

Molecular weight of i

Molecular weight of fatty alcohols

Moles

Mols of alkylene oxide in gas phase

Mols of alkylene oxide in liquid phase

Mols of alkylene oxide reacted

mol of oligomer i

Initial mols of substrate

Mols of substrate

Number of data

Pressure

Vapor pressure of ethylene oxide

Vapor pressure of alkylene oxide

Vapor pressure of ethylene oxide

Vapor pressure of propylene oxide

126



Pao
Pro
Pnzo
Psr
PMao
PMs

Tfeed

Tmax

Vm ix

Vs,

Alkylen oxide pressure

Ethylene oxide pressure

Initial pressure of N

Pressure of ethylene oxide storage tank
Alkylen oxide molecular weight
Substrates molecular weight
Propylene Oxide

Volumetric flowrate

Flow to the ejector

Flow to the spray nozzle
Reaction rate

Initial reaction rate
Propagation reaction rate
Reaction rate i

Reactor radius

Ideal gas constant

Fatty alcohols

Initial mol of substrate
Substrate

Time

Temperature (K)

Temperature of the liquid at the outlet of the heat exchanger
Critical temperature

Feed temperature

Maximum temperature
Reactor bottom temperature
Reference temperature
Saturation temperature

Wall temperature

Overall heat transfer coefficient
Fluid velocity

Average flow velocity
Maximum fluid velocity

Molar oligomer distribution
Dissolved alkylene oxide liquid volume
Gas Phase volume

Liquid phase volume

Molar volume of the mixture
Substrates volume

Liquid volume of substrate

127



Ve
14
Wao
Ws-
W

XE0
jEO,CALC
Xi
Xo
Xao
Xeo
Xeo
Xeo,0
XEo,EXP
Xi
Xi
Xs
y

YEo
z

Zc

Greek Letters

deo

Anos, Asno
Acos, As o
Vao

Vi

['a0s

lsn0

AH

&o

Neo

ni

nmix
noligomer

e

A

Aeo

Reactor volume

Volumetric flowrate

Weight amounts of ethylene oxide or propylene oxide
Weight amount of initial substrate

Weight amount of dodecanol or ethoxylated derivatives
Ethylene oxide average conversion

Average calculated ethylene oxide conversion
Molar fraction of i in liquid phase

Molar fraction of residual starter

Molar fraction of alkylen oxide

Molar fraction of ethylene oxide

Ethylene oxide conversion

Initial ethylene oxide conversion

Experimental ethylene oxide conversion

Molar fraction of the oligomer i

Reactant conversion

Molar fraction of substrates

Radial coordinate

Ethylene oxide molar gaseous fraction

Axial coordinate

Critical compressibility factor

Coefficient of Eq. 37

Parameters in Eq. 3.2-12

Parameters in Eqgs. 3.2-15, 3.2-16
Activity coefficient in liquid phase
Activity coefficient of i

Coefficient of Eq. 3.2-7

Coefficient of Eq. 3.2-7

Enthalpy of reaction

Feed ethylene oxide/octanol molar ratio
Ethylene oxide viscosity

Viscosity of component i

Viscosity of the mixture

Oligomer viscosity

Temperature (°C)

Dimensionless reactor radius coordinate
Ethylene oxide heat of vaporization

128



Amix
Ao

Vi
Pao
Pi
Pmix
Pmix,0
Pprod
Ps

Heat conductivities of the mixture
Octanol heat conductivities
Stoichiometric coefficient of component i
Alkylen oxide density

Density of i

Density of the Initial mixture
Density of the Initial mixture
Density of the products
Substrates density

Residence time

Dimensionless axial coordinate

129



130



Literature

Amaral, G. M., & Giudici, R. (2011). Kinetics and Modeling of Fatty Alcohol
Ethoxylation in an Industrial Spray Loop Reactor. Chemical Engineering and
Technology, 34(10), 1635-1644. https://doi.org/10.1002/ceat.201100215.

Baker, S. B., & Thompson, W. R. (1967). Secondary alcohol ethoxylation (Patent No.
US3359331A).

Behler, A., Raths, H. C., & Ploog, U. (1994). Narrow range alkoxylate nonionic
surfactant prodn. - by alkoxylation of cpds. contg. active hydrogen or ester
using metal alcoholate activated with organic carboxylic acid as homogeneous
catalyst. (Patent No. DE4325136).

Bell, K.J. (1983), Introduction to heat exchanger design. In HEAT EXCHANGER
DESIGN HANDBOOK, Volume 3 : Thermal and Hydraulic Design of Heat
Exchangers, Dusseldorf, VDI-Verlag GmbH, 1

Bialowas, E., & Szymanowski, J. (2004). Catalysts for Oxyethylation of Alcohols and
Fatty Acid Methyl Esters. Ind. Eng. Chem. Res. 43, 20, 6267—6280
https://doi.org/10.1021/ie049898h.

Chemstations. (n.d.). ChemCAD v. 7.0. Retrieved January 3, 2023, from
https://www.chemstations.com/.

Desbéne, P. L., Desmazieres, B., Even, V., Basselier, J. J., & Minssieux, L. (1987).
Analysis of non-ionic surfactants used in tertiary oil recovery. Optimisation of
stationary phase in normal phase partition chromatography. Chromatographia,
24(1), 857-861. https://doi.org/10.1007/BF02688599.

Dimiccoli, A., DiSerio, M., & Santacesaria, E. (2000). Mass Transfer and Kinetics in
Spray-Tower-Loop Absorbers and Reactors. Industrial & Engineering Chemistry
Research, 39(11), 4082—4093. https://doi.org/10.1021/ie000137y.

DiSerio, M. (2019). Chemical Reaction Engineering as a Bridge Between Nano and
Macro World. Frontiers in Chemical Engineering | www.Frontiersin.Org, 1(2),
31. https://doi.org/10.3389/fceng.2019.00002.

DiSerio, M., di Martino, S., & Santacesaria, E. (1994). Kinetics of Fatty Acids
Polyethoxylation. Industrial & Engineering Chemistry Research, 33(3), 509-514.
https://doi.org/10.1021/ie00027a006.

DiSerio, M., Tesser, R., Felippone, F., & Santacesaria, E. (1995). Ethylene Oxide
Solubility and Ethoxylation Kinetics in the Synthesis of Nonionic Surfactants.
Industrial & Engineering Chemistry Research, 34(11), 4092-4098.
https://doi.org/10.1021/ie00038a052.

DiSerio, M., lengo, P., Gobetto, R., Bruni, S., & Santacesaria, E. (1996). Ethoxylation
of fatty alcohols promoted by an aluminum alkoxide sulphate catalyst. Journal

131



of Molecular Catalysis A: Chemical, 112(2), 235-251.
https://doi.org/10.1016/1381-1169(96)00134-3.

DiSerio, M., Vairo, G., lengo, P., Felippone, F., & Santacesaria, E. (1996). Kinetics of
Ethoxylation and Propoxylation of 1- and 2-Octanol Catalyzed by KOH.
Industrial & Engineering Chemistry Research, 35(11), 3848—3853.
https://doi.org/10.1021/ie960200c.

DiSerio, M., lengo, P., Vairo, G., & Santacesaria, E. (1998). Narrow-range
ethoxylation of fatty alcohols promoted by a zirconium alkoxide sulfate
catalyst. Journal of Surfactants and Detergents, 1(1), 83-91.
https://doi.org/10.1007/s11743-998-0011-9.

DiSerio, M., Tesser, R., Dimiccoli, A., & Santacesaria, E. (2002). Kinetics of
Ethoxylation and Propoxylation of Ethylene Glycol Catalyzed by KOH. Industrial
& Engineering Chemistry Research, 41(21), 5196-5206.
https://doi.org/10.1021/ie020082v.

DiSerio, M., Tesser, R., & Santacesaria, E. (2005). Comparison of different reactor
types used in the manufacture of ethoxylated, propoxylated products.
Industrial and Engineering Chemistry Research, 44(25), 9482-9489.
https://doi.org/10.1021/ie0502234.

DiSerio, M., Russo, V., Santacesaria, E., & Tesser, R. (2021). The Evolution of the Fed
Batch Ethoxylation Reactors to Produce the Non-lonic Surfactants. Frontiers in
Chemical Engineering, 3. https://doi.org/10.3389/fceng.2021.644719.

Edwards, C. L. (1987). Preparation of nonionic surfactants (Patent No. EP228121).

Edwards, C. L. (1988). Preparation of nonionic surfactants (Patent No. US4721817).

Edwards, C. L. (1989). Narrow range alkanol alkoxylates (Patent No. EP344835).

Edwards, C. L. (1998). Nonionic Surfactants. In N. M. van Os (Ed.), Distribution of the
Polyoxyethylene Chain Charles. MARCEL DEKKER, INC.
https://doi.org/10.1201/9780203745649.

Egedy, A., Varga, T., & Chovan, T. (2013). Compartment model structure
identification with qualitative methods for a stirred vessel. Mathematical and
Computer Modelling of Dynamical Systems, 19(2), 115-132.
https://doi.org/10.1080/13873954.2012.700939.

Enikolopiyan, N. S. (1976). New Aspects of the Nucleophilic Opening of Epoxide
Rings. Pure and Applied Chemistry, 48(3), 317-328.
https://doi.org/10.1351/pac197648030317

Flory, P. J. (1940). Molecular Size Distribution in Ethylene Oxide Polymers. Journal of
the American Chemical Society, 62(6), 1561-1565.
https://doi.org/10.1021/ja01863a066.

Fredenslund, A., Gmehling, J., & Rasmussen, P. (1977). Vapor—Liquid Equilibria
using UNIFAC: a group-contribution method. Elsevier.

132



Gee, G., Higginson, W. C. E,, Levesley, P., & Taylor, K. J. (1959). Polymerisation of
Epoxides. Part I. Xome Kinetic Aspects of the Addition of Alcohols to Epoxides
catalysed by Sodium Alkoxides. Journal of the Chemical Society, 1338—1344,
https://doi.org/https://doi.org/10.1039/JR9590001338

Gee, G., Higginson, W. C. E,, Taylor, K. J., & Trenholme, M. W. (1961). The
polymerization of epoxides. Part lll. The polymerization of propylene oxide by
sodium alkoxides. Journal of the Chemical Society (Resumed), 4298—-4303.
https://doi.org/10.1039/jr9610004298.

Gustin, J. L. (2000). Safety of ethoxylation reactions . Hazards XV—The Process, Its
Safety and the Environment. Symposium Series No. 147, 1-13.

Haag, J., Gentric, C., Lemaitre, C., & Leclerc, J.-P. (2018). Modelling of Chemical
Reactors: From Systemic Approach to Compartmental Modelling. International
Journal of Chemical Reactor Engineering, 16(8). https://doi.org/10.1515/ijcre-
2017-0172.

Hall, C. A., & Agrawal, P. K. (1990). Separation of kinetics and mass-transfer in a
batch alkoxylation reaction. The Canadian Journal of Chemical Engineering,
68(1), 104-112. https://doi.org/10.1002/cjce.5450680113.

Hermann, P. D., Cents, T., Klemm, E., & Ziegenbalg, D. (2016). Simulation study of
the ethoxylation of octanol in a microstructured reactor. Industrial and
Engineering Chemistry Research, 55(49), 12675-12686.
https://doi.org/10.1021/ACS.IECR.6B04110/ASSET/IMAGES/LARGE/IE-2016-
04110H_0008.JPEG

Hessel, V., Kralisch, D., & . K. N. (2014). Novel Process Windows: Innovative Gates to
Intensified and Sustainable Chemical Processes. Wiley.
https://doi.org/10.1002/9783527654826

Hinz, W., & Dexeimer, E. M. (2002). Continuous process for the production of
sucrose based polyether polyols (Patent No. US6380367 (B1)).

Hreczuch, W., Chrusciel, A., Dgbrowska, K., DiSerio, M., & Yonggiang, S. (2016).
Characteristics of Block Copolymers of Methyl Oxirane and Oxirane Derivatives
of 2-Ethylhexanol as Obtained with KOH and Dimetalcyanide Type Catalyst.
Tenside Surfactants Detergents, 53(3), 259-264.
https://doi.org/10.3139/113.110431.

Hubel, R., Markowz, G., Recksik, M., Wewers, D., & Zeller-Schuldes F. (2005).
Alkoxylations in microstructured capillary reactors (Patent No. US7858829
(B2)).

Improta, R., DiSerio, M., & Santacesaria, E. (1999). Aluminium alkoxide sulphate
catalyst: a computational study. Journal of Molecular Catalysis A: Chemical,
137(1-3), 169-182. https://doi.org/10.1016/51381-1169(98)00114-9.

133



Janik, J., & Chrusciel, A. (2015). Activity and selectivity of alkaline and doublemetal
cyanide catalysts in ethoxylation of fatty alcohols. Przemyst Chemiczny, 94(8),
1404-1410. https://doi.org/10.15199/62.2015.8.32.

Kralisch, D., Streckmann, 1., Ott, D., Krtschil, U., Santacesaria, E., DiSerio, M., Russo,
V., de Carlo, L., Linhart, W., Christian, E., Cortese, B., de Croon, M. H. J. M., &
Hessel, V. (2012). Transfer of the Epoxidation of Soybean Oil from Batch to
Flow Chemistry Guided by Cost and Environmental Issues. ChemSusChem, 5(2),
300-311. https://doi.org/10.1002/cssc.201100445.

Lai, J., Wray, W. D., Lenahan, R. A., Reese, J. R., and Morrison, D. M. (2019). Systems
and Processes for Producing Polyether Polyols. (Patent No. US10258953 (B2)).

Leuteritz, G. M. (1992). Process for the safe and environmentally sound production
of highly alkylene oxide (Patent No. U.S. Patent 5,159,092).

Li, Y., Zhou, J., Zhang, Y., Liang, H., Sun, J,, Liu, Y., D’Errico, G., Sun, Y., & DiSerio, M.
(2021). Synthesis and Properties of Primary Alcohol Ethoxylates Using Different
Catalytic Systems. ACS Omega, 6(44), 29774-29780.
https://doi.org/10.1021/acsomega.1c04232

Martin, A. E., & Murphy, H. F. (2000). Glycols, Propylene Glycols. In Kirk-Othmer
Encyclopedia of Chemical Technology. Wiley.
https://doi.org/https://doi.org/10.1002/0471238961.0520082506151811.a01.
pub?2.

McDaniel, K. G. (2011). High productivity alkoxylation processes (Patent No.
EP2325230 (A1)).

McDaniel, K. G., & Reese, J. R. I. (2008). Continuous processes for the production of
alkylphenol ethoxylates . (Patent No. US2008132728 (A1)).

McDaniel, K. G., & Reese, J. R. I. (2009). High productivity process for alkylphenol
ethoxylates. (Patent No. US7473677 (B2)).

McDaniel, K. G., & Reese, J. R. I. (2010). Continuous processes for the production of
ethoxylates (Patent No. EP2223953 (A1)).

Milwidsky, B. M., & Gabriel, D. M. (1982). Detergent Analysis A Handbook for Cost-
effective Quality Control. Wiley.

Natta, G., & Mantica, E. (1952). The Distribution of Products in a Series of
Consecutive Competitive Reactions. Journal of the American Chemical Society,
74(12), 3152-3156. https://doi.org/10.1021/ja01132a057

Nikbin, N. N., Villa, C. M., Remacha, M. J. N., Khan, ., Heath, W. H., Pendergast, J.
G., J., Forlin, A., & Schaefer, M. (2018). Alkoxylation Process Using Tubular
Reactor (Patent No. W02018057438).

Pekalski, A. A., Zevenbergen, J. F., Braithwaite, M., Lemkowitz, S. M., & Pasman, H. J.
(2005). Explosive decomposition of ethylene oxide at elevated condition: effect

134



of ignition energy, nitrogen dilution, and turbulence. Journal of Hazardous
Materials, 118(1-3), 19-34. https://doi.org/10.1016/J.JHAZMAT.2004.09.029

Ploog, U. (1988a). Use of esters of titanic and/or zirconic acid as ethoxylation or
propoxylation catalysts. (Patent No. EP340593).

Ploog, U. (1988b). Use of metal acetyl acetonates as ethoxylation or propoxylation
catalysts (Patent No. DE 3,829,753).

Poling, B. E., Prausnitz, J. M., O’connell, J. P., York, N., San, C,, Lisbon, F., Madrid, L.,
City, M., Delhi, M. N., & Juan, S. (2001). Properties of Gases and Liquids.
McGraw-Hill Education.
https://www.accessengineeringlibrary.com/content/book/9780070116825.

Prausnitz, J., & Anderson, T. (1980). Computer calculations for multicomponent
vapour-liquid and liquid-liquid equilibria. Prentice-Hall.

Rakutani, K., Onda, Y., & Inaoka, T. (1999). No Title. In D. Karsa (Ed.), Annual
Surfactant Review. Secondary alcohol ethoxylates. CRC Press.

Rebsdat, S., & Mayer, D. (2000). Ethylene Glycol. In Ullmann’s Encyclopedia of
Industrial Chemistry. Wiley-VCH Verlag GmbH & Co. KGaA.
https://doi.org/10.1002/14356007.a10_101

Reck, R. A. (1967). Polyoxyethylene Alkylamines. In M. Schick (Ed.), Nonionic
Surfactants,Surfactant Science Series, Vol 1 (pp. 187-207), MARCEL DEKKER,
INC.

Renon, H., & Prausnitz, J. (1968). Local Composition in Thermodynamic Excess
Function for Liquid Mixtures. AIChE J., 14, 135-140.

Rupp, M., Ruback, W., & Klemm, E. (2013a). Alcohol ethoxylation kinetics: Proton
transfer influence on product distribution in microchannels. Chemical
Engineering and Processing: Process Intensification, 74, 187-192.
https://doi.org/10.1016/).CEP.2013.09.006.

Rupp, M., Ruback, W., & Klemm, E. (2013b). Octanol ethoxylation in microchannels.
Chemical Engineering and Processing, 74, 19-26.
https://doi.org/10.1016/j.cep.2013.09.012.

Rupp, M., Ruback, W., & Klemm, E. (2013c). Octanol ethoxylation in microchannels.
Chemical Engineering and Processing: Process Intensification, 74, 19-26.
https://doi.org/10.1016/J.CEP.2013.09.012.

Russo, V., Tesser, R., Hreczuch, W., & DiSerio, M. (2023). Process intensification for
ethoxylation Reaction: the choice between micro and milli scale. Chemical
Engineering Research and Design.
https://doi.org/10.1016/j.cherd.2023.04.051.

Salzano, E., DiSerio, M., & Santacesaria, E. (2007a). The evaluation of risks of
ethoxylation reactors. Process Safety Progress, 26(4), 304—311.
https://doi.org/10.1002/prs.10212.

135



Salzano, E., DiSerio, M., & Santacesaria, E. (2007b). The role of recirculation loop on
the risk of ethoxylation processes. Journal of Loss Prevention in the Process
Industries, 20(3), 238-250. https://doi.org/10.1016/j.jlp.2007.03.016.

Santacesaria, E., di Serio, M., & lengo, P. (1999). Mass transfer and kinetics in
ehtoxylation spray tower loop reactors. Chemical Engineering Science, 54(10),
1499-1504. https://doi.org/10.1016/S0009-2509(99)00042-1.

Santacesaria, E., DiSerio, M., Garaffa, R., & Addino, G. (1992a). Kinetics and
mechanisms of fatty alcohol polyethoxylation. 1. The reaction catalyzed by
potassium hydroxide. Industrial & Engineering Chemistry Research, 31(11),
2413-2418. https://doi.org/10.1021/ie00011a001.

Santacesaria, E., DiSerio, M., Garaffa, R., & Addino, G. (1992b). Kinetics and
mechanisms of fatty alcohol polyethoxylation. 2. Narrow-range ethoxylation
obtained with barium catalysts. Industrial & Engineering Chemistry Research,
31(11), 2419-2421. https://doi.org/10.1021/ie00011a002.

Santacesaria, E., DiSerio, M., Lisi, L., & Gelosa, D. (1990). Kinetics of nonylphenol
polyethoxylation catalyzed by potassium hydroxide. Industrial & Engineering
Chemistry Research, 29(5), 719-725. https://doi.org/10.1021/ie00101a002

Santacesaria, E., Diserio, M., & Tesser, R. (1995). Role of ethylene oxide solubility in
the ethoxylation processes. Catalysis Today, 24(1-2), 23-28.
https://doi.org/10.1016/0920-5861(95)00022-8.

Santacesaria, E., lengo, P., & DiSerio, M. (1999). Annual Surfactants Review. In D. K.
Karsa (Ed.), Catalytic and kinetic effects in ethoxylation processes (1 st, Vol. 2).
CRC.

Santacesaria, E., Tesser, R., & DiSerio, M. (2018). Polyethoxylation and
polypropoxylation reactions: Kinetics, mass transfer and industrial reactor
design. Chinese Journal of Chemical Engineering, 26(6), 1235-1251.
https://doi.org/10.1016/j.cjche.2018.02.020

Schachat, N., & Greenwald, H. J. (1967). Mechanism of Ethylene oxide
Condensation. In M. J. Schick (Ed.), Nonionic surfactants,Surfactant Science
Series, Vol 1 (pp. 8—32). MARCEL DEKKER, INC.

Schilling, F. C., & Tonelli, A. E. (1986). Carbon-13 NMR Determination of Poly
(propylene oxide) Microstructure. In Macromolecules (Vol. 19).
https://pubs.acs.org/sharingguidelines.

Stankiewicz, A. ., & Moulijn, J. A. (2000). Process intensification: transforming
chemical engineering. Chemical Engineering Progress, 96(1), 22—-34.

Tesser, R., Russo, V., Santacesaria, E., Hreczuch, W., & DiSerio, M. (2020).
Alkoxylation for Surfactant Productions: Toward the Continuous Reactors.
Frontiers in Chemical Engineering, 2(7).
https://doi.org/10.3389/fceng.2020.00007

136



Umbach, W., & Stein, W. (1971a). Continuous alkox.ylation process. Journal of the
American Oil Chemists Society, 48(8), 394—-397.
https://doi.org/10.1007/BF02637359.

Umbach, W., & Stein, W. (1971b). Continuous alkoxylation process. Journal of the
American Oil Chemists Society 1971 48:8, 48(8), 394—397.
https://doi.org/10.1007/BF02637359.

Verwijs, J. W., Weston, J. W., Papadopulos, W. J., Elwell, R. J., Villa, C. M., &
Papadopulos, W. J. S. (2008). Continuous process and system of producing
polyether polyols (Patent No. US7378559 (B2)).

Villa, C. M., WESTON, J. W,, JAIN, P., THOMPSON, L. H., & MASY, J.-P. (2014).
Continuous Loop Flow Process For Polyether Polyol Production (Patent No.
US8912364 (B2)).

Weston, J. W,, VILLA, C. M., MASY, J.-P., & SEAVEY, K. C. (2015). METHOD FOR
CONTINUOUSLY PRODUCING LOW EQUIVALENT WEIGHT POLYOLS USING
DOUBLE METAL CYANIDE CATALYSTS (Patent No. US9074044 (B2)).

Wilson, G. M. (1964). Vapor-Liquid Equilibrium. XI. New Expression for the Excess
Free Energy of Mixing. J. Am. Chem. Soc., 86, 127-130.

Yamada, K., KASAHARA, N., TOYOTA, Y., SUZUKI, C., IKAI, S., & HATANO, H. (2006).
Method for continuously producing a polyether (Patent No. US7012164 (B2)).

Yang, K. (1980). Barium Oxide Catalyzed Ethoxylation (Patent No. US4239917).

Yen, L. C., & Woods, C. C. (1966). A Generalized Equation for Computer Calculation
of Liquid Densities. A.I.Ch.E. Journal, 12(1), 96—99.
https://doi.org/10.1002/aic.690120119.

Yue, H., Zhao, Y., Ma, X., & Gong, J. (2012). Ethylene glycol: properties, synthesis,
and applications. Chemical Society Reviews, 41(11), 4218.
https://doi.org/10.1039/c2cs15359a.

Zhang, X.-H., Hua, Z.-J,, Chen, S., Liu, F., Sun, X.-K., & Qi, G.-R. (2007). Role of zinc
chloride and complexing agents in highly active double metal cyanide catalysts
for ring-opening polymerization of propylene oxide. Applied Catalysis A:
General, 325(1), 91-98. https://doi.org/10.1016/j.apcata.2007.03.014.

137



Appendix 1

The Author's published output
including the material described in the dissertation, Part II.

138



Article 1 Copyright_Elsevier

Ccc . A Sign in/Register @ (a

RightsLink

Design of a continuous device for ethoxylation reaction: The
choice between micro and milli scale

Author; Vincenzo Russo,Riccardo Tesser Wiestaw Hreczuch,Martino Di Serio
Publication: Chemical Engineering Research and Design

Publisher: Elsevier

Date; jJune 2023

® 2023 Institution of Chemical Engineers. Published by Elsevier Ltd, All rights reserved

Journal Author Rights

Please note that, as the author of this Elsevier article, you retain the right to include it in a thesis or dissertation,
provided it is not published commercially. Permission is notrequired, but please ensure that you reference the
journal as the original source. For more information on this and on your other retained rights, please

visit: httpsy//www.elsevier.com/about/our-business/policies/copyright#Author-rights

BACK CLOSE WINDOW
© 2024 Copyright- All Rights Reserved | Copyright Clearance Center, Inc, |  Privacy statement |  Data Security and Privacy
| For California Residents | Terms and ConditionsComments? We would like to hear from you. E-mall us at

austomercare@copyright.com

139



Article 1. Russo, V., Tesser, R., Hreczuch, W., & DiSerio, M. (2023).
Design of a continuous device for ethoxylation reaction: The choice between
micro and milli scale. Chemical Engineering Research and Design. 194 (2023) 550

562, https://doi.org/10.1016/j.cherd.2023.04.051.

i An update to this article is imcluded at the end

GiWE G B ane Desicn 194 -{3023)

Available onling 3t www.sciencedirect.com
|ChemE

Chemical Engineering Research and Design

journal homepage: www.elsevier com/loceta’cherd

Design of a continuous device for ethoxylation | ﬂ
reaction: The choice between micro and milli scale "

Vincenzo Russo®, Riccardo Tesser™", Wiestaw Hreczuch®,
Martino Di Serio™®

® Department of Chermvical Sciences, University of Maples Federico [, IT-80126 Naples, Raly
E ORCEC, Comsarzia Mteriniversiterio Reattivita Chimica e Catalisi, [T-70126 Bari, Ialy

“ MEXED, FL-47-200 Kedzierzyn-Eofle, Poland

 IROAST, Kumamoto Uriversity, JP-43201-6 Kumamote, Japan

ARTIEZELE IRFO ABSTRACT

Article history: A Tamirar fiow model wes developed to investigate the reaction kinetics of 1-dodecanal
Received 25 January 2073 ethouylation promoted by KOH, elaborating the datzs collecied in microreactors. A genanic
Received in revised form 7 April 2023 laminar flow model was coded, 2nd 3 sensitivity analysis was conducted highlighting the
Accepted 23 Aprl 2023 good fexibility of the model to simulate a wide range of conditions. Ethylene omde dif-
Avvailzble online 25 April 2063 fusivity and hquid mixture viscosity were determined by applying existing comeistions,

carefully considering the change in viscosity with ethylens oxide comversion, tempera-
Ezpaards: mre, and feed ethylens oxide’l-octanol ratio. The model was tested on literature data

Ethoxylation obtaining in every case good results. The chiained knetic data were demonstrated to be in
Mimoreactors line with the ones obtained in separate investigations oenducted ina fed-batch reactor,
Maodeling demonstrating that there was 2 real need in adopting the laminar flow reactor spproach,
Laminar fivw madel as it allowed to retrieve of more precise information about the intrinsic kinetics of tha
sScale-up ethoxylation reaction, when working with microreactors, comparad with the ones ob-

tainable with a plug-flow ideal fuid-dynamic model The developad modsl wes used to
simulste the behavior of & milli-reactor (this device allows to reach sufficient productivity
for industrial application) and @t was forecasted the possibility to use continoous ethox-
ylation milli-reactors using fuid-dynamic conditions chamcterzed by 2 high Reynolds
number {= 10000).

4 2023 Institution of Chemical Engineers. Published by Elsevier Ltd. All rights reserved.

‘whaere ethylens codde moleculss are sdded to a growing poly-
ether chain, leading to a statistical distiibution of the products.
The alkooylation reections are generally performed in semi-

1. Introduction

The ethoooyiation of fatty slochol i an importent process o
produce non-lonic surfactsnts. Ethylens oxide rescts rapidly
with hong-chain slcohols, 3 reaction promoted by & strong base
catalyst, resching almost full selectivity to the desired pro-
ducts, as no-side reactions are favored in the presence of base
catslyste. The rescton ooous viz anionic polymerization,

* Comesponding suthor at: Department of Chemical Sciences,
University of Naples Federico [, IT-80126 Naples, italy.
E-muzil address: d LEninn it (4 DI Setin).
hitps ' doiong 1 g 4 051

‘batch reactors {0f Serio & al, 2005}, also in series, in which the
catalyst and the substrete (alcyl phenols, fatty alechals or
srids) are injdslly charged while epoxide (ethylene or propy-
lene oodde) is added during the reaction course. This synithesis
strategy is due to the high reactivity of alkcoddes and te the
high heat involved in the slkcorylation reaction. The use of
semi-batch repctors, however, has some drawbacks thet can be
summarzed in the following points: ) the reactor wolume 5
relatively high; this aspect could represent a serious problem
for safety isswes due to the high quantity of alkoxdde present in

o RECHY
O263-E7E2AD 2003 nstitution of Chemical Engineers. Published by Elsevier Ltd. All rights resarved
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Nomenclature

e Coefficient in £q. 38

A Cross-sectional area of the pipe, m”
Ao Specific axchange area, m*/m”

AL B, G Coefficients in £g. 29

Cot Catalyst concentration, mol/m®

Ca Concentmation of reactant A, molfm?

Can mnitiz] concentration of reactant A molfm?

Ca v Average concentration of reactant A, molim®

Ceon Initial ethylene oxide concentration, molim?®

o Ethylene oxide concentration, mol/m®

I Concentration of species i, mol/m™

G Fead concentration of component i, mol/m®

AP Specific heat of the mixture, #{kg &)

Caen Ethylena oxide specific heat, Iikmal K}

Com Octanol spedfic heat, /(kmol K)

D, Maolecular diffusivity of compenent &, m%s

Do Ethylena oxide molecular diffusivity, m’/s

Deog Initiz] ethylene cxide diffusivity, m%/s

o Molacular diffusivity of component i, m'/s

E. Activation energy, Fmaol

Fayy Chjective functon, -

k Kinetic constant, m*{mal s}

k. Einetic constant, 15

b Kinetic constant at the reference tempera-
ture of 473 ¥, m¥{mol &)

K Feed catalystioctznol molar ratio

L Bezctar length, m

Mo Molecular weight of the mixture, molkg

M Ethylene oxide molecular weight, molg

My octanol molecular weight, molfkg

Ny Number of experimental dats

r Reactor radius, m

B Resctor radius, m

Ry Gas canstant, VK mol)

T Temperature, K

Tl Tamperature of the feed, K

Traf Reference temperature (473 K), £

T Tamperature at the wall, £

U Overall heat transfer coefficiant, Wim® K}

u Fluid welocity, mfs

o Average flow velodty, m's

M Maximum fluid velocty, m's

Ve nolar volume of the mixture, m*/mol

v Volumetric flowrate, m's

o ethylene mide aversge conversion

Teopar Everage caloulated ethylene oxide
Conversion

Ao ethylene oxide conversion

e e experimentz] ethylene oxide conversion

X reaCtant COTVETSIoN

¥ radial coordinata

z Axial coordinate

Greek Letters

AH Reaction enthalpy, imol

Ea Feed ethylena oxida/octancl molar ratio

feo Ethylens oxide viscosity, Pa s

m Wiscosity of component i, Fa s

M= Wiscosity of the mixture, Pa s

NuiigomerOligomer viscosity, Pa s

8 Dimensionless time

B | Dimensionless reactor radius coordinate:

Heat conductvities of the mixture, W m'K
Ethylene codde heat conductivity, W m/
Octanol heat conduckvity, W mek
EStoichiometric coefficient of component i
Density of the mixture, kg'm®

o Density of the mixture fed to the reactor,
keg/m’
Density of the products, kg/m”
Residence time, s
Dimensionless reactor axial coordinste

PPTaed

"

Abbrevimrtions

Generic reactant
Generic product
Calculated

Catalyst

Enhanced Loop Reactor
Ethylane Oxide
Experimental

Octanol

Spray Tower Loop Resctor
Venturi Loop Reactor

ggoysgagn>

the reactor at & certmin Hme; {f) the productivity of the system
is guite low for the various steps involved in & semi-batch
process; (i) the safety of the overall process is not optmal, Bct
due to possible epoodde accumulations that could lead easily w
TUNIWEYs reactions.

A possible solution that could silow overcoming the
mentioned drawbacks is the sdoption of 8 continuous re-
actor that can be properly designed for the achisvement of
the desired alkouylation degres. In the scientific and patent
litersture both tradifional tubular reactors and more in-
novative rezctor configurations are proposed as usaful solu-
tions. Very recenily, seweral resctor technologies were
described and comparad dealing with the evelution of fed-
batch technology (D6 Serio at a3l 2071), analyzing the per-
formances of three main fed-batch reactors, namely Ventun
Loop Reactor (VLH), Spray Tower Loop Reactor (STLR) and
Enhanced Loop Rezctor (ELR). Even if the operation is stll
sami-continmuous, the three systeme warmant pood pro-
ductivity and low risks in the opamtion.

Continuous reactors for alkoxylation were reviewed re-
cently (Tesser et al, 7020), highlighting the possibility to use
microreactors to ensute good productivity and good control.
Microreactors are particulardy: suitzble for wery exothermic
reactions, i.e, alkoxylation, involving also muitiphase reac-
tions, thanks to the high heat and mass transfer exchange.
Such reactors were tested in the literature, in the case of 1-
octanal ethoxylaton promoted by KOH a5 2 catalyst
showing good performances in terms of reaction conversion
and thermal control, allowing them to work at relatively high
temperatures (240°C) {Rupp &t al, 20130 k). Even though in
the adopted experimental conditons it was demonstrated
that the flow pattern is laminar (Hermann et al | 2016}, the
collected data are pormelly simulated with = plog-flow
maedel approach (Rupp et al, 2013g). This condition can be
easily checked comsidering that the experiments ware pear-
formed =t low Reynolds numbers (< 10). The use of & plug-
flow model epproximation certainly leads to a non-rigorous
determination of the paremeters related to the intrinsic ki-
netics of the reaction. For this purposs, in the present work, 2
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laminar-fiow model was developed and implemented. The
modeal was firstly tested with a dedicated parsmetric in-
vestigation to check its performance and predicting power.
Further, the model wes applied to describe the mentionad
kinetic date collected using & microreactor, comparing the
obtained parsmeters with the ones reported in the literature
{amaral and Giodic, 2011; Di Seriz et al., 2002, 1994; Hall and
Agrewal, 19906 Rupp et sl 3015s; Santeceearis et @l 2018,
1932, 1990) obtmined from fed-batch studies, ta werify if the
obtained parameters can be considered reliabla,

The developed modal was usad to design the right con-
figuration of a continuous reactor that would allow to work
with high productivity awoiding, in contempt, mun-away
conditions. Milli and microreactors could be two valid alter-
netives to be tested. Thus, the performance of the laminar
flow configurstion (suitsble for mico resctors) was com-
pared with the ideal plug fiow reactor fiuid-dynamics (more
suitzhle for milli resctors), in order to find the best config-
uration for the ethoxylation reaction.

2, Methods
21 Reactor model

The experimentsl spparatus used in Rupp et al. paper (Rupp
ot gl 20135) consists of 3 microreactor working under pres-
sure, too warrant the exstence of 3 homogeneous liguid
phasa, charecterized by a laminar fiow regime. The authors
conducted 1-octanal ethexylation in the presence of KOH =5
a homogenecus catalyst

The development of the design equation of & steady-state
laminar flow reactor mode! (LFR) implies the definition and
solution of material balance on the micrestructured resctor,
comprising the following terms:

o Flow term: related to the convection of reactantefproducts
by laminar flow profile.

® Diffusive term: representative of the tensport of matter
by the concentration gradient along the madial coordinate.

® Kinetic term: rapresented by the reaction rate, indicating
the genemtionfconsumption term.

Therefore, the equation takes the form reported in Eq. L

ey ¥z 1d3sfy)
i [y} P —Du[ W 7 @ }+wr[z.1ﬂ' "

with, ufy) mdal fluid velodty [mfe] at different radial po-
sitions, & concentration of specie i [malfm?), z axisl co-
ordinate |m|, D; molecular diffusivity of compenent i [ms], y
radial coordinate [m], v stoichiometric coeficent of com-
ponent i znd 1 resction mate [molf{m? s)L

Being the flow laminar, the radial velocity profile assumes
a parabaolic trand with the radizl coordinate, y, which can be
described by Eq. 2.

5 ey ¥y
"m'"““[' [R}]_zull {n]] i

The mass balance reported in Eq. 1 can be written in a
more compact and practical form adopting mathematical
TEATANZEMENLS.

For instsnce, axizl coordinate = can be converted to re-
sidence time ¢

vV % T i3
with A cross-sectional area [m®], L the rezctor length [m], v
the rezctor volume [m7], Vthe volumetric flow rate [m/s}),
and athe sversge flow velocity. Thus,

z

=i

T ()
Deriving Eq. 4, it is possible to obtain:
bz =mis 5}

Concentration czn be expressed in terms of reactant
conversion starting from its definibon:
o =oe{l—x) (€)

With, ¢jp the feed concentration of component i.
Deriving Eq. &, it is possible to obtain:

gy = Bl — %)) = ned(l —x) =—cison 0]

Finally, it can be possible to introduce 3 dimensioniess
reactor radial coordinate, 4

=L "
Derving Eq. & it i5 possible to obtain:

iy = Rad {2
Thus, the velocity profile becomes:

ufy) = 20[1— ] (1o

Inserting Eqe. 5, 7, 9 and 10 in £g. 1, it is possibie to obtain
the following mass balance aguation:

-

Rezrranging, the following form can be derived:

Bx Dyl 1 F
w2 AR w
By fixing an sverage reaction Eme r = /L, it is possible to
introduce. & dimensionless reaction time § = o/, obtsining
the following equation, Eq 15,
gx _ Dyefdfe | 1dm re
w-mg = 2T 1)l (a3
The reactant conversion, more specifically x.., shows 2
parsholic trend with the reactor redius coordinate. For in-
stance, depending on the radial positon, different flow ve-
lorities are expectad due to Eq. 30 &t the reactor center, the
liquid flow shows the highest velodty, thus a low conversion,
whila at the pipe mdius, the finid wvelocity spproaches zero,
leading to a higher conwversion.
The following boundary and initial condidons were im-
posad to solve the partial differential equation system.

Aol¥l)=0 14y
m _g
&l |.u (15}
ml
ol L {16}

For instance, at @=0, the athylene oxide conversion was
assurned zero. Both at the reactor center and walls, the first
derivative of conversion along the dimensicniess radius co-
ordinate was considered zerm, for symmetry reasons.
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As the experimental data collected st the pipe outlet re-
present &n average of the ethylens oxide conversion profile
along the rads, an aversge conversion must be defined,
using the integral average approach, Eqg. 17,

_ Jpxenliju i) zeida
- R T
J i) 2emiddd 17

By introduding £q. 2 in Eqg. 17, the expression reported in

Eq. 18 can be obtained.

:‘ Eepfd) 21 — A7) 2t
1 5
Jg 241 — Ay2xada (18]

i

A

As revealed, the avemge ethylene oxide conversion is in-
dependent of the sverage fluid velodty.

The reaction rate was fixed as 3 first-order equation with
respect to both ethylene oxide and catalyst concentration, as
reported in the lterature (07 Serio et ol | 2003
at al, 7013a), Eq. 19

1594; Rupp

T= kota (19)
Where, the catalyst and the fead ethylens oxide concenirations
were caloulsted starting from the definition of o and ¥, re-
presanting respectively the feed ethylene coddefoctanol molzr
ratie and the catalyst'octanol molar retio, 35 in Ege 20, 7L

1

00 = i + Mgy {z0)
_ Kl
B vy {1

The kinetic constant dependence with temperature was
taken into consideration by imposing the modified Arrhenius
eguation, Eg. 22,

i HF[_%[% N %J] {23

Where, To=473K

Temperaturs varation was included by solving simults-
nesusly the dimensionless ensrgy balance equation reported
in Eg. 23, The methematical derivation is totelly symmetrical
compared to the mass balance, thus mot reported hera.

P _ L[ Amm (PT 18T _ AT
21-#) dr R![C_I'.Mn-l"mx +DE{]L31? * B O el
{23)

Where the resction enthalpy walue was egual to
A H--920001mol [di Serio et sl, $071). The inidal and
boundary conditions needed to solve [g 23 are reportad in

Eqs. 24-36,

Tl ¥4 =Tpw (24)
ml _q

@ |. fz)
Tu=1 =T {26)

For instence, at r=0, the temperature was assumed to be
constant &t & set valoe. At the reactor center, the first der-
vative of temperature aslong the dimensionless mdius co-
ordinate was considered zero, for symmetry reasons, while
the temperature at the meactor walls wes considersd

Tabile 1 - Viscosity coefficients of ethylens oxide and 1-
octamol.

Component Ay E, 5
Ethylene axide L Ah £1432 03314
l-octanci 074 TR L 400

constant at & fixed value, as milli'micro resctors are cher-
pcterized by high heat transfer efidency.

e X Phyzicochemical properties

Severzl physicochemical properties are needed to be im-
plementad within the model, in particular liquid density and
wiscosity.

Liquid density dependency with temperzture (T}, the in-
itial ethylene cwide/substrate ratio (cg) and ethylene oxide
COMYETSION {Xeq) Wwas teken from the literature (Rupp et al,
7013z). Hupp et al. precisely determined the mentioned
functionalities, by collecting experimental date and pro-
posing semi-empirical equations, listed balow as used in the
mosdel, Eqs. 77, 28

Py = 1052 — JJE.E‘{D.EE‘I:.E‘u} 27

Pz = Fprm + BEI{T — ¥zn)m — 0.36(1 — xeler’ — 0.10(T — 273)
— 0u0021T — 273 —0.101(T — 273)(1 — xm)e {za)
Ethylene oxide and 1-octanol liquid wiscosities were de-
termined using ChemCAD detebase (CF atioris, 2023),
edopting the expression in Eq. 29,
i) = {& + BT + (1)) 29

The coefficients for ethylene oxide and 1l-octanol are
listed in Table 1.

Both specific heat and hest conductivities of the mixtures
were calculated starting from the relsted velues of pure
ethylene oxide and slcohol. Both were mken 35 a function of
the temperature from ChemCAD datsbese (Chemstsbons,

#3d), Egs: 30-39,
fpen = 145-10° — 7SEE7-T + 2826177 — 0.00306-T7 (30)

= 504 108 _ S4070T 4+ F2ET2.TT— 04013170 4 0.000C5E44.TH (31)

App = D.26957 — 0.0003984 T {33

Ag = 0220444 — D.0DD1ES7B T {33

Eoth the specific heat and hest conductivity of the mix-
ture were calculated as weighted aversge of the pure com-
poments, Eqe. 34-35.

Table 2 — Parameters adopted for the sensitivity study of
the laminar fiow reactor model.

Paramster Value range LFnats

) 1.25-107% - 25104 m

D, 1HF - LA i

Can 05-15 malm®

T a mol'm®
00 - 005 Ca
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Tahle 3 - Besults of the parameter estimation activity.

Value Liriits
En {BL1 = 08FIF Vmioi
T (T3 K (L7 = 01207 mjmial 5)
o Cpgn 100D Cpp 1000
o EFE'EE.D + oo M *cp‘ﬁizn.n + ma Mg 134)
_ Cig Gog
'J'“"_'zmq:o.uﬂo.n ”"‘-:w.o+ tan {35)

23 Simulation and parameter estimation activities

The partial differential equation (FDE) system descrbing the
single iquid phase reactor was solved by adopting the pdepe
function implemented in Matlab B30208 Paremeter estima-
tions were conducted using particleswarm  evoluticnary
minimization slgorithm provided in Matizh, imposing the
abjective function calculation &s follows, Eq. 36

TN P L |

&=ﬁ¥r{%} {36)
o

LR

nr

0&
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na

0.3

o

0

u

2: Results and discussion

21 Semsitivity analysis

A sensitivity analysis was conducted to chack the flaxibility
of the developed model, considering a peneric reaction A — B,
fxing a first-order resction kinetics, £q. 37,

=Tt 137

In detzil, the influence of severzl parameters on the re-
action conversion was investigeted by performing different
simulations warying systemsticeily the parameters. The
paremetric nvestigation wes conducted in isothermal con-
ditions. The adopted parameters, together with the range of
investigations are reported in Table 7.

A typical conversion trend obtzined in each simulztion is
reported in Fig. !, where conversion is plotted vs the di-
mensionless resctor radial coordinate and the residence
tme, both as & contour plot {left) and &= a parametric plot at
different valuss of 4 (right). This simulaton was conducted
fxing Da=110"" m¥s, k=0055" R=12410" m and
Con =1 mobm™.

The contour plot reported in Fig 2eft) shows high con-
version gredients, as 3 strong difference in conversion be-
twean the reactor canter and wall is prasent, &t each level of
residence ime. The higher the conversion, the stesper the
gradients. In the proximity of the reactor wall, conversion is
almost always near unity, as the flow velocity is the lowest
possible while st the pipe center, the lower conversion is

—%alyen |
Talyaa| |
Ug I xﬁdl 1
il
o8 /”
¥
/
07 7 T

)
o4 + |I /
I|
|

{156

o E 0 15 20 25 o0
risl

Fig. 1 - Reactant conversion as a functon of the residence time and the dimensionless reactor radial coordinate: (lefit)
contour plot; {right) plots at the reactor center, wall, and average conversion. Simulation conditions: Ds =1-107"" m¥/s,

k=0.055", R= 12410 m and ¢, ; = 1 molim™
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Fig. 2 - Reactant conversion as a function of the residence time and the dimensionless reactor radial coordinate, fixing

k=0.0557", R= 1.24-10* m and ¢, ; = 1 mol'm?, and varying the molecular diffusivity value: {left) D= 1-10-* m*/s; (right}
Dl 11077 /5.

LHE]

i 0.2 0.4 0e 0.8 1 0 0.2 0.4 0.6 0.8 1
Al Al
Fig. 3 - Contour plots representing the conversion vs the residence time and the dimensionless reactor radial coordinate,

fixing k=0.055", Dy=1-10"" m*/s and cap = 1mol'm®, and varying the pipe radius: {leftj R=6.25-10"" m; {right)
R=2.50:107% m.
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Fig. 4 - Average reactant concentration profiles vs residence
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Fig. 5 - Average rezctant concentration as a function of the
residence time, varying systematically the kinetic constant
value. D,=1-10""" m?/g, R= 12410 m and ¢, ; - 1 molim.
achieved. A better comparison can be visible in Fig. 1{right),
where at the reactor well & higher conversion is achisved
higher compared with the one reachad at the resctor center.

":-=3

The average conwersion caloulated with Eq. 20 is plotted in
Fig. 1[right), resulting in a conversion between the once czl-
culated at the reactor radial coordinate extremes.

By reducing the walue of the molecular diffusivity to
Da =1-107* m*5, the gradients become steeper, as revealed
in Fig. 2{left), leading to average comversion values closar to
the ones obtzined at the reactor centar.

An opposite behavior is achieved when increasing the
molecular diffusivity to D, =1-1077 m¥s (Fig. 2{rfght)), ob-
taining flatter profiles.

The influence of the resctor radius on the conversion
pradients was investgated, by conducting different gimula-
tions, forng the following parametsrs: Da-1-107" m'/fs,
k=0055", and cap =1molm’. The results are reported
in Fig. 3.

As revezled, by increasing the reactor radius, conversion
gradients bacome stesper, while reducing it tha conversion
profiles are flatter, observation in line with theory as larger
pipe leads to a longer diffusion path.

The feed concentration wvariation led to no change in
ComvETsion, as the reaction kinetics was fixed to a first-order
eguation. Therefore, the average concentation of the re-
actant along the residence time shows the trends raported in
Fig. 4, revealing a faster consumption when 8 higher faed
concentration is used. Simulations were conducted fodng O,
= 110" m¥E, k=0.055", and R= 13410 m.

Finally, the influence of the kinetic constant was checked
on the reaction conversion, fixing Dy =110 m'fs,
R=-12410"" m and caq -1 mol/m®. The results reported in
Fig 5, show a logics] trend, showing an increasa in activity
when the kinetic constant is higher.

232, Viscosity and density computations

As the mode] showed high fleedbility, it was used to elaborate
the experimentzl data collected in the laminar flow micro-
reactor used for 1-octanel ethoxylation with KOH. For this
purpose, molecular diffusivity must be estimated as one of
the key parameters in comectly predicting the concentration
gradients along the pipe redius.

For this purpose, ethylens oxide diffusivity was de-
termined using the Scheibel correlation (Reid et al, 12687,
Er. 3R
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Fig. & - Evolution of ethylene oxide molecular diffusivity as a function of temperamre, ethylens oxide conversion and initial
ethylene oxide/t-octanol molar rato. Symbeols represent the calculated walues with Eq. 34, lines the fitted wvalues using

Egs. 43 and 44
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Where, @m = LI51-10 %

The Scheibel correlation shows the dependence of the
diffusion coefficient on the sbsolute temperature. Therefore,
bath the viscosity and the molsr volume of the liguid mix-
ture must be known. During the ethoxylation reaction,
ethylens oxide =5 consumed, and olippmers are formed,
consisting of chains of ethylene oxide zdded to one sleoholic
maolecule (e, l-octenol). Thus, both the viscosity and the
maolar volumes of the liguid mixture are a netural functon of
the convarsion degres.

Moreover, depending on the fesd ethylene oxide/sub-
strate moler ratio, different olippmers distribution can be
obtained.

The molar volume can be easily calculated from the
density liquid mixture, which was experimentally measurad
{#013n), obtaining a function of both Xen, T and

39

With, the molecular waight of the mixture is defined as a
function of the ethylene oxide conversion degres and the
feed ethylene oxide'1-octancol molar ratio, as in Eg. 40

Mo = My + o Mep {20)

The Hquid mixture viscosity was caloulated by weighting
the athylene codde and the oligpomer viscosity, by respec-
tively the ethylene codde conversion &nd the relzted com-
plementary to one.

Myl = Innped¥en + 10Rggey {1 — 2eo) {21)

The oligomer's viscosity was calculated using the Orrick
and Erbar method (Raid et gl 1987), using the mixture den-
sity and molecular weight sbove mentioned, Eq. 47
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Fig. B - Data ft for experiments where both residence time
and initial ethylene cxidef1-octanol meolar ratio are varied
at 403 K& Symbols represent the experimental data, lines
the calculated values.

I {fotgpmer) = |Adigomer + Baitgomer T) + 1T ey Mo} {43)

The correlation was tested for 1-octanol, obteining less
than 1 % deviztion with the data retrieved from ChemCAD
database [Chemstmtions, 2029)

To simplify the mathemetical treatment, date were 5i-
mulated varying both T and e, frst at zero conversion, then
varying the ethylene oxide conversion. The results are re-
ported In Fig f, revesling a strong dependancy of the diffo-
sion coefficient with the conversion degree, as the viscosity
of the product increases with conwversion.
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Fig. 9 - Temperature and EO conversion trends slong the residence time and the dimensionless radial coordinate, fixing
£y =3, K= 00066 Molmol, Tid= Ta= 453 K.

Fig. 10 - Temperature and EO conversion trends along the residence dme and the dimensionless radial coordinate, fixving
£n =3, K= 0.0065 mol/mol, Tiew=Te=513K
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Fig. 11 - A. Comparison betareen the Arthenius plot of different papers. B. Comparison between the kinetic constants
obtained in the present paper and by Rupp et al., 2013,

The data calculated using Eq. 36 were fitted tointroduce D = (—8.32.10°% + 377.10Ym) + (1111077 + 30720~ 5m)T

in the model & simpler equation, cbtaining the agreements 43)
reported in Fig 6 and the coefficients reported in
£qs 43 znd 44, Depy = Dy X 67 75 10Tt 44)
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Fig. 15 - EO concentration and temperature profiles for a reactor working at Tied= T=483 K, U= 005 m's, rp =3, catalyst
loading of K= 0.001 molimol, reactor diameter of 9mm and length of 50 m.

The increase in tube diameter could improve the pro-
ductivity, but it could lead to & hot spot for the lowering of
heat transfer efficiency. Thus, simulations were conducted
using larger reactors, characterized by an internal dismeter
of 9mm (Fig. 13), imposing Thed = 453 K, 6o =3, K= 0.001 molf
mol, L= 50m, T-0.05m's (Reynalds nurmber < 3000). Several
simulations were conducted by lowering the catalyst load,

but the system was always charecterized by a runeway be-
havior.

As revealed, high-temperature gradients are expected to
occur when the diffusion path incresses, leading to possible
runaway risks.

Finally, an additional simulation was conducted simu-
lating the performance of the system obtaineble adopting
alweys an inner diameter of 9mm, thus simulasting &n in-
dustrial pipe, but with 3 lower EG feed (g = 1), assuming to
add subsequently ethylens oxdde at different reactors length
[Fig- 14).
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Fig. 16 - EO concentration and tempersiure profiles for a reactor working at Tieed = T = 483 K, 1= 0.05 m/s, catalyst loading of
K= 0001 molimol, reactor dismeter of @ mm and length of 50 m. Ethylene oxide feed is split into three streams, at 0, 10 % and

20 % of the pipe.

As revezled, also in this case the system is in mmzsway
conditions.

25 Simulation of reactors working in plug-flow regimes

A plug-flow model was implemented to simulate resciors
working in conditons near to plug-flow conditions. The mass

and energy balznce equations adopted are reported in Egs. 45
and 45

u dtpp _

w2 a5)
AT _  ATHT + UAs(T — )

Ly Cpaxfimpy {48

Asrevealed, the only unknown parameter of the model is
the overall heat transfer coefficient {U). To have an order of
magritude for & classical industrial pipe (3mm internal
dizmetar), date from the htersture were taken to estimate
the order of magnitude of this coafficient. Umbach reported
the temperature profile along the axial coordinate for a coiled
tube reactor charscterized by a residence @me of 255, a re-
actor length of 12.5m, and & diameter of 9mm, working with
3 jacket temperature range between 185 and 235 °C (Umbach
and Stein, 1971). The suthors reparted that by working with
en=13nd a catalyst loading of K= 0,001 molmol, 5 maximurm
temperaturs peak of 280 °C was recorded.

The developad mode was applied, estimating U - 0.4 ki
(m? K}, & value in line with the order of megnitude reported in
the [litersture, being betwesn 0.2 and lokwim?® K]
{B=ll, ta7s).

In this way, the parameter was fixed, and several simu-
Iztions were conducted, imposing & =3, & pipe diameter of

omm. a feed Auid velocity of 0.05 m's (Reynolds number -
90,000) and 3 catalyst loading of K = 0,001 molfmol, working
with z feed temperature of 483 i. The length of the pipe was
fixed 3t L=%0m. The rasult of the simulation is reported in
Fig. 15
As revesled, the tempersture increase cannot be con-

sidered acceptable, thus, the EO feed wes divided into three
points, feeding an - 1 st the entrance of the pipe, and injecting
other two equivalents in terms of ethylene oxide content st
10% and 20% of the pipe. Ethylens oxide was fed &t room

tempersture in an adisbatic mixer. The results shown in

Fig. 16 dearly demonstrate that it is possible to work at high
comversion in s3fe conditions, the obtained productivity was
caloulated to be sbout 35,000 kgh m™, a value surely higher
than the ones obtained using classical feed batch reactors
(1000-300 kg'{h m™)) (05 Serio et al | 2005)

4, Conclusions

In the present paper, & laminar fiow reactor model was de-
veloped &nd successhully applied to describe the experi-
mentzl data reported in the literature The experimental
data, derived from previous work, heve been used to est-
mate relisble kinetic parameters. The axothermicity of the
system wis proved by edditional simulations.

Larger reactors were considered, checking the possibility
to conduct the operation at the induostrisl scale, demon-
strating the high flexibility of the modsel and its power in
predicting the alkoxylation system.

Final simulations were conducted using 8 plug flow modeal
showing that it is possible to work at high conversion and in
gafe conditions by using a multi-feed appreach, splitting the
ethylene oxide stream in different positions of the pipe.
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These results open the way to deeper axperimental and
theoretical investigation to arrive &t & final industrial con-
figuration for a continwous ethoxylation reactor.
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The most recent reactor technology to produce non-onic surfactants via ethaxation
reaction is llustrated in the present work. The most advanced reactors are deeply
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Verturi Loop Reactor (WLR), Spray Tower Loop Resctor (STLR) and Enhanced Loop
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Starting from the patent assigned to LG. Farbenindustrie (Schoeller and Witttwer, 1934) the
production of non-ionic surfactant obtained by ethoxylation of fatty organic substances
containing at least one reactive hydrogen has increased enormously, For example, nowadays
more than 50% of world consumption of surfactants for household detergents application is
represented by alahal ethoxylates and alcohal ethers sulfates (fanshekar et al, 2010),

From the first used stirred jacketed reactor, during the time, new reactor types have been proposed
on the market. The increase in safety, productivity and seectivity has been the driving force for the
new reactor designs (D Serio etal,, 2005; Saleano etal., 2007; D Serio, 2019) and we an consider the
technological improvement in the ethoxylation reactars as a clear example of the process
intensification (Stankiewicz and Moulijn, 2000),

Notwithstandmg the new quite recent proposals for continuous reactor (Tesser et al, 2020}, the
ethoxylated products synthesis is stll largely based on fed-batch reactors technology in various
con figurations.

A first classification of these reactors is possible by considering the dispersed phase | Dimiccoli
et al, 2000), The ethylene oxide is bubbled in the liquid phase (stirred tank reactor, 8TR, or Venturi
Loop Reactor, VLR (sec Figure 1), or the liquid is sprayed in an atmosphere of gaseous ethylene

Abbreviations CAT, catalyst; ELR. erhancal bop reactor, EC), sthylens aride; STLR, spray twer loop mactar; STR, stirred
tank reactor; SUB, substrate; VIR, venturi koop. reactor.
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(Spray Tower Loop Reactor, STLR) (see Figore 2). In general, the problems, bat they still have some drawbacks (D0 Serio o al.,
heat exchanger & lomted outside the reactor, on the circulation 2005)
line, and aliquid recirculation pump is present, also in the case of

the simple mixed reactor. (I} STLR: to achieve the maximum productivity in STLR a high
The main problem for this process is the difficulty in redrculation flow rate is necessary. "The required power input

diminating or minimizing mass-transfer and heat-transfer for a spray tower loop reactor is greater than that for a

limitations, which are generally associated with conventional Venturi loop reactor.

stirred tank alkoxylation reactors, The use of Venturi Loop (2) VLER:Venturi loop reactor has some drawbadks rdated to the

Reactor (VLE) or Spray Tower Reactor (STLR) can solve these rigid geometrical parameters that must be satisfied as
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concerns the dimmsions of the reactor, the liquid level, and
the nozae length. As a matter of fact, the plants where VLR
technology is used have in general two reactors: the first one
works in the initial stage of the reaction (when the iquid leve
is low), and the other one is wed for achieving high ethylene
oxide/substrate molar ratio that corresponds to high increase
in volume. Moreover, in the case of large reactors, the
behavior of VLR can ako become like that of STLR in
terms of the power input required for liquid redrculation.

To overcome these drawbacks, a new reactor was proposed the
Enhanced Loop Reactor (ELR) (see Figure 3) that represents a
mmbination of the two best previously used technologies: Spray-
Tower-Loop Reactor and the Venturi-Loop Reactor (Santacesaria
o al, 2018)", ‘Thus, the main novelty of this paper is to introduce
and describe the ELR, comparing its performance with both STLR
and VLR

In this paper we will compare the performances of the three
dted technologies based on mathematical simulations of the
reactors.

DESCRIPTION OF THE REACTORS AND
THE RELATED MATHEMATICAL MODEL

In the VLR, the pumped liquid passes through a nozle that
provides a high vdodty jet of fluid to create suction ofthe gas. Ina
mixing tube, the high velocity jet attaches itself to the mixing tube
wall, resulting in a rapid dissipation of kindic energy, which
reates an intensive mixing with the production of a fine

'ittpsdiwww desmethallestra comidscisurhictants/stharylation-propax ylation

dispersion of gas bubbles in the liquid phase. The two-phase
mixture that “jets” into the reaction autodave also causes
intensive mixing. Considering that the Hatta number of
ethoxylation reactions is less than one, a Venturi Loop Reactor
@n he simulated by assuming it as a well-stirred isothermal
reactor (Di Serio et al, 2005},

In STLR, the sprayed liquid is dispersed in the form of small
bgquid drops flying into the alkylene oxide gaseous atmosphere,
Drops emerging from an offident spray nozde resulted as
internally well-mixed drops, leading to a wvery high mass-
transfer rate, and if the average flight time of the drops is long
enough, these drops are completely saturated at the end of their
flight (Tesser et 4., 2020). The reaction occurs in the liquid
omlumn (Santacesaria et al, 19940; Santacesaria et al., 1999) and
@n be neglected the drops contribution to the reaction, since the
flight time is extremely short if compared to the residence time in
the liquid column. The liquid column can then be modeled
assuming it as a plog-flow reactor in transient conditions as
the concentration of dissolved alkoxyde changes with time and
dong the column itsdf, Hence, in these reactors, mass transfer
and chemical reaction occur separately in two distinct zones: the
mass-transfer zone, corresponding to the zone of drops flying
across  the gaseous atmosphere, and the reaction zong
corresponding to the slowly flowing liquid-phase collected at
the bottom of the reactor and recirculated hack to the spray
noezle ([ Serio et al, 2005).

The ELR has been simulated considering it as a STLR reactor
on which, in the lower part of the reactor, is placed an ejector, In
this case the total recirculating flow is divided, after the heat
exchanger, in two streams: one of which is fed to the spray
noezle and the second to the ejector, Furthermore, the liguid
flowing in the ejector suck up the gas from the reactor head and
disperses it in the liquid phase in the form of bubbles which,
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rising upwards in the liquid column, further stic the
liquid phase.

In this case the ELR, when the ethoxylation reaction is started,
behaves like a STLR and when the liquid level reaches a preficed
value, circulation flow is splitted and the ejector is started. [n this
phase the behavior of the ELR is more similar to a VLR This
reactor configuration has the effect to merge the two most
important advantage of both STLR and VLR: it is possible
start the production with a very Jow quantity of substrate (like
in the case of STLR) and a high efficiency in mass transfer is
achieved with low power input (like in the case of VLR]

More details about the VLR and STLE mathematical modd
are reported elsewhere (D0 Serio o al,, 2005) and here only the
main structure of the model is presented. The kquid column in
the reactor can be assumed with a plug-flow behavior bat is in
transient conditions as the concentration changes both along the
time and along the axial direction. For modding purposes, the
reactor cn be schematized as a series of well mixed cells or liquid
portions distributed along the liquid column, according to the
well-known compartmental modds (Egedy et al,, 2013 Haag
et al, 2015). In the scheme reported in Figore 4 the cdls scheme
related to ELR configuration is reported.

From this scheme it is possible toappredate the characteristics of
the reactor. After the heat exchanger on the drarlation line, the flow
is splitted into two portions: one of these is fed to the spray and the
other one is sent to the gector phced in thelower partof thereactor,

Asrevealed in Figure 4, four cells were assumed asan example
of discretization. The model is certainly general and provides the
puossibility to impose a user-defined number of compartments,

depending on the axial dispersion degree that would describe the
system, as in the general tank-in-series model. In the speafic case,
we assumed four crlls as the liquid phase is wdl mixed by the
gector present in the bottom of the reactor, Thos, due to the
mixing efficiency of the ejector, the liquid column is assumed ag
constituted by four separate cdls which behavior is that of a
dynamic CSTR reactor: the first upper cell one receive the liquid
more or less saturated with EO in the spray chamber; the majority
of the liquid is located in the cells two that is well miced by the
gector; two additional rdatively small cells three and four are
located in the lower part of the reactor and become important in
the final part of the operations, when the height of the liquid
wlumn is increased significantly. More generally, a higher
number of cells an be considered both abowe and below the
central cell two associated to the gjector.

In the scheme of Figure 4 also gas-liquid mass transfer flows
are reported: the first, fpny = related to the spray chamber in
which gaseous EO is transferred from gas-phase to liqud droplets
emerging from nozzles; the second, Jeo, is due to the gas suction
from ejector that transfer EO directly to the liquid phase of cell 2.

Far the devdopment of a general model based on the scheme
reported in Figure 4, some assumptions can be adopted, asin the
following points:

(1) The spray noezke is considered with a full dffidency in
saturation. In the spray chamber, the entering liquid is
fully saturated with EC.
The flow of liquid phase in the liquid colomn is simulated asa
series of CSTR reactors (cdls or compartments). The
different distribution of clls volume @n be wed to
represent  different  reactor  configuration  and  fluid-
dynamic conditions, For instance, as for the general tank-
in-series model, depending on the axial dispersion degree, it
is possible to choose a different number of compartments. In
detail, a plug-flow fluid-dynamics can be simulated by a
theoretically infinite number of cells, whilea stirred tank with
only one compartment. Thus, a high number of equal cells is
used for a STLR while the case of ELR reactor the scheme of
cells in Figure 4 is more suitable,
(3) The expansion of the system wolime, that oocurs as
cthoxylation proceeds, is assumed as equally distributed
on all the cells in the reactor,
The overdl volumetric droulation flowrate, ), is assumed
oonstant.
(5) The feed ofliquid EOQ from the external tank is assumed as
completey vaporized in the saturation chamber ofthe reactor.
(6) Some properties of the reacting mixture are assumed as
wnstants or averaged with temperature, such as speafic
heat, heat of vaporization.
(7} The reactor is perfectly insulated and no heat exchange with
the surroundings is present.
(8) The heat exchanger installed on the cradation line is
assumed with infinite exchange capadty and the outlet
temperature is fixed at a predefined value T:,

(2

=

Under these assumptions, the model of a generic cell is
represented by a mass and heat balance equations as follows:
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The specificmodel for the reactor can then be developed based
on Bgs 1, 2 by considering for the specific reactor configuration.
A frst differential equation in the model is uosed for
alculating, as a global chedk, the overall quantity of ethylene
oxide fed to the reactor per mole of substrate, during the entire
fed-batch operation, This represent a counter and is defined as:

dCount  Feo
dt mgmp

(3)
Referring to the scheme in Figure 4, the mass balance for EQ
in this section of the reactor is:

d
":h: = Fen + Qsrmar (e = Cros) = Jea Vi = JengrVa,  (4)

where the mass transfer flows are defined by the following
relations:

Jen = B(Cens ~ Ceai s (3
Teogr = Beper (Coos = Conwa ) (6)

Another important relation if the account for the overall
quantity of reacted ED. This equation can be written as follows;

dmegn
e 5 (7
where!
N
§=Y ViR (8)
b=

As said before, the liquid EO is stored in a tank pressurized
with an et gas (usmlly nitrogen) and is fed to the reactor
directly from this tank. The inert gas dissolved into liquid EC is
then continuously fed to the reactor resulting in an accomulation
of nert during the operation. The semi batch mass halance on
inert gas is then:

d  FeoMWen
P e

(Piass = Progsia): (9

Material halance on cels is slightly different from one ccll to
another. The following differential equations represent the mass
halances for cell 1 (Eq. 10), cell 2 (Eq. 11} and cdls three and 4

In analogy with the material balance equations, the energy
halance on the compartments an be written. For the first cell the
energy balanoe assumes the following form:

dli _ RiAH Q-mv
2t Tair—T 13
F v (Toar = T4 (13)
For the central cell number two the energy balance is slightly
different:
&: BAH o Ry Q@n\'
dt pCp
The temperature of the two last bottom cells can de described
by the two following ODEs:

(T, - T + QW’(T;-f L (14)

dT: AH

. R;c,, +3rh - T3), (15)
4T, RAH Q

T vo (BT (16)

The group of relations consisting the model represent a
system of coupled ordinary differential equations that must
be integrated in time starting from a suitable initial condition for
each of the related dependent variables. However, the
mentioned ODEs system  cannot be solved without the
addition of other algebraic constitutive equations that
describe auxiliary variables such as pressure, liquid, and gas
volime, EOQ solobility, reactive mixture density, kinetic
expression and related parameters, etc. Moreover, some
relations are necessary to calculate the right initial conditions
in the reactor.

Initial nitrogen amount in the reactor can be evaluates as

! Voo PrzaVieprs o
!rmj_}-l_u‘u(kl—“+m H (17)

At each time step, the total pressure in the gas phase of the
reactor can be evaluated, by the following relation:

RT,
Prop = f"m,-; + Maga e} V‘

a

(18)

For what concerns the kinetics, in the case of ethoxylation
performed by using fatty alovhols asa starter in the presence of an
dkaline catalyst, the following equation for overall EQ
osumption can be wsed (Santacesaria o al, 1991y
Santacesaria et al., 1992b; Di Seric & al., 1995; Di Serio et al.,
2005):

(Eq. 12). R = K[CAT][EO], (19)
d"tQ where [CAT] is the catal ion and [EO] is the
iz | (o G Y= R Wy + TaiVis (10} ere [CAT] is catalyst concentration and [EQ] is

A il b s liquid ethylene oxide concentration. In the simulations we
dngn, o have used the kinetic parameter recent] sed by Amaral
= Osemar (Cras = G Cror = Croz) = RegaV Pt y proposed by Amar

ot Qsrmav{Ceas #a2) + Qeer (Cros = Croz) = ReaaVs and Giudici {Amaral and Giudicl, 2011), who confirmed the
+ Jeam Vi, reliahility of our model in the description of STLR and
(1) proposed more accurate ldnetic data for  dodecanol

g cthoxylation:

—L o O oy g = Cegs } = ViR:. 12

a4t = U Croi-1 = ooy ) = Vi (12) E[m'mol " 5] = 407 1079 (20}
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160



Evollion of Bnosyiation Ao

Growth ratio [EO/SUB]

t[s]

FIGUIRE 5] Caibated valies of growth rffcand 1ol pressare, In VLA,
HTLA operalng i the same condons. Peacion volime 20 m’; o
mreuEing fow: 210 ey premirmum operaling pressune: 5.5 bar inltal
Mirogen pressuee 1 2 bar; daner dbhdecancd):S00 ko, catalvet (B0
8 by, eailing heat exchangss Brperdiune: 17870, fnal growh rallac 2005

Fuin®

LTl

Growth ratio [EO/SUB]

t[s]

FIGURE 6] Calcifated values of gromih rafo andlotd pressrs, inVLA,
STLA, B A operating in fe e condions. Aeacion volrme: 20 m', 1o
meciroulting Sow: 210 mh; resdriuin cperaing pressume: 55 ber nitial
Mrogen pressume: 1.2 ber) darkr (obdecand) 500 kg catayel #OH):

B by esifling heral eocorger fermperaure: 17270 Bral growth rafoc 2005,

To clailate the catalyst concentration [CAT] and hquid
cthiene oxide concentration [ECQ] the physical (the EO
solubility data and the density of the substrate and of the
prmoducts) parameters have been calonlated uwsing previously
reported equations and parameters (Santacesria of al, 1992m
Santacesaria of al,, 19925 DN Serio et al., 1995; 1 Scrio et al., 2005).

COMPARISON OF REACTORS

The comparison of the reactors was done considering reactor
with the same total volume and using the same total

recircolating flow. In the case of VLR we idealize the
reactor considering it well mixed in all the range of the
simulation. As we said before, this is not true: at the
beginning it is often necessary use a smaller reactor and
when in the reactor there is a high amount of liquid also
zones could exist in which the liquid is not well mixed.

In Figures 5, 6, the main results of the simulations are
reported, For instance, the growth ratio of the ethoxylated
product is reported as a funition of the reaction time, The
growth ratio is defined as the athylene oxide moles added in
the product per mole of substrate, Moreover, p is defmed as the
total pressure of the system.

The VLR has better performances than the STLR (see
Figure 5), as in VLR the ethylene oxide average
oncentration in the liquid phase is higher than STLR.
Since STLR behaves as a plug-flow reactor, it depletes
cthylene oxide in the first upper portion of the liquid phase,
while VLR, being a stirred vessel, increases the average EO
cntent. However, the Venturi loop reactor has some
drawhacks that are related to the necessity to have the
geometrical parameters of the Venturi-type ejector within
defined limits. As the simulations were conducted to keep a
constant pressure of the system, the growth ratio approaches to
a plateau value when the consumption of ethylene oxide
decreases, indicating the stop of the ethylene oxide feed.
Thus, the overall pressure decreases reaching the set value
of the inert gas.

In ethoxylation reactions, as the liquid strongly inoeases as
the reaction and a wnique Venturi loop device becomes
madequate to handle the variation condition for the liquid
level. For this reason, a multijet arrangement, with the jet
starting to operate at different liguid levels, must be used for
VLR in the ethoxylation.

In Figure 6 the performance of the ELR is reported In this
@se the total recirculating flow was divided in two parts when
liquid volume in the reactor was 3 m®. The onc that supplied the
spray nozzle was the 25% of the total while the remaining amount
supplied the ejector,

As can be seen, the ELR has the same performances of the
VLR, as they provide a similar mixing to the liquid phase, thusa
similar cthylene oxide content. However, the Enhanced Loop
Reactor has a high Aexibility of the gas-liguid contacting devices
that permit constant performances of the reactor during all the
course of the production process and growth ratio up to 80 (see

Figure 6],

CONCLUSION

Inthe present paper, the behavior of different reactors for the
ethoxylation of organic substrates was presented. In
particular, the performance of three reactors was
comparcd: Venturi Loop Reactor (VLR), Spray Tower
Loop Reactor (STLR) and Enhanced Loop Reactor (ELRJ.
The main conclusion of the present investigation is that ELR
shows the highest fexibility among the presented
approaches, In particular, the performance of ELR can be
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considered comparable with VLE, but it allows to reach
higher ethoxylation degree, that means a higher liquid
cxpansion, warranting in the meantime a good mixing of
such high volumes, This fact allows to work at full ethylene
oxide per-pass conversion, with consequent improvements in
the process safety and control

The presented modeling approach allows the quantitative
description of the three reactors. This model, bases on a cell
approach, allows to properly design reactors working at a desired
cthoxylation degree, In perspective, with such a model, the
operation conditions could be optimized, eg. the split ratio
between the flow rates feeding the spray nozle and the jector
placed on the bottom of the reactor.
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Alkoxylation for Surfactant
Productions: Toward the Continuous
Reactors
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Martino Di Serio’”
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Alkowylation is surely an important reaction as it is industrally used to produce
surfactants. The actual technology Is to convert ethylens oxide/propylens oxide with a
long-chained alcohol, catalyzed by a homogensous catalyst (e.g., KOH). Traditionally,
the operation is conducted in semi-batch systems charactenized by a low productivity.
As the demand of surfactant production is increasing, it is natural to shift to a continuous
process. In the prasent review article, the most recent efforts dealing with the alkoxylation
procasses in continuous are reporied, analyzing critically the resulis reported in both the
scientific and patent terature.

Keywords: oyl scale-up, reactor, cti production

INTRODUCTION

The alkoxylation reactions are generally performed in semi-batch gas-liquid reactors (D1 Serio
et ab, 20N5; Santacesaria ct al, 2018}, also in series, in which the catalyst and the substrate {alkyl
phenals, fatty alcohols, organic acids, or amines) are initially charged (I Serio et al, 2015). On the
other hand, the epoxide (ethylene or propylene odde) is added in fed-batch modality during the
first step of the reaction course. Finally, the reaction s completed in & "digestion” step in which
the residual epoxide, in gas and in the liquid phase, is completely reacted. This process strategy is
a result of the high reactivity of alkoxides and to the high heat involved in alkoxylation reactions
(around 90 klfmol). The use of semi-batch reacters, however, has some drawbacks that can be
summarized in the following points: (1) the reactor volume is relatively high, and this aspect could
Tepresent a serious problem for safety issues (Gustin, 2000; D Serio et al, 2005; Salzanc et al,
1i07ah} owing to the high quantity of alkoxide present in the gas phase of the reactor at a certain
time; (2) the productivity of the system s quite low for the varous steps involved in a semi-batch
process (reactant and catalyst charge, chemical reaction, products discharge); (3) the safety of the
averall process is not optimal, a fact owing to possible epoxide accumulations that could easily lead
to runaway reactions (Gustin, 2000; Di Serio et al., 2005; Salrano et al, 2007a,b).

A possible reactor configuration that could allow overcoming the mentioned drawbacks is the
adoption of a continuous reactor that can be properly designed for the achievement of the desired
alkoorylation degree and high productivity. The shift from the traditional semi-batch process to
the continuous ones could really represent the start of & new cra in the alkoxylation technologics
(Santacesaria et al, 2018). Moreover, a continuous process must be designed to operate under high
pressure, and this could represent a further advantage for the safety owing to the absence of a
vapor phase (I Serio et al, 2005) rich in alkoxide that could be more susceptible to ignition. The
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TABLE 1 | Summary of ihe typica reection condiions and related resuits for dffesnt skogisiion processes padormad n confinuous escios

Reactor Alcohol (alkoxide]  Cog, Wt Type of catalyst  AlconoValoxide Trm, °C 5 P, kg/ m?) References
Codedt fubes Coy_ 1 (EOPD) o040 Ha0CH; 1:1-1:6 moimol 287 25 120,000 Limpachend Sten, 1671
Coed fubes Suoroes [EOFO) 04D KOH 11.4:5.8 ww 180 BOO - Hinz end Desaimer, 2002
Microchannels Butsnol ([ECVPO) 300 KOGH, 1:35 mabimaoi 190 200 - Hube et ai . 3010
Microchannels Octanal £0) oEE JKOH 1A-tE-1Amoimal 240 50 12500 Ruppetd, 201380
Faling M muEpice Moy phana! [E0) 0ED NaOH 1:7 movma 220 180 22000 Agnerotal, 2016
MiCroreecion Sutanod [E0) 500 KOH 1:2 mokma 150 300 - Deesimaz, 2011
Stied compartments | Polyoypropyientriol (PO) 005 Y o 1243 wiw 120 15000 34 Emedzstal 2006
CSTR Gz [ECH 018 LBR0,) 1A ww 170 7200 450  McDanks and Assse, 20078
Two CETH Cizig ED) notas DAC AW 130 12850 255  McDenk and Aeess, 200D
Two CETR Nomyiphendt sthnooodats E0F 00133 D8C 1.3 ww 130 13320 195 McOsne and Asess, 20060
CETR+ PR g cé [EDVPDY 0.3 MG 1:8 wew 140 24600 150 VHzetal 2014
CSTR+ PR Ghyeerol alovyials (P0) 00058 084D 1:4.2 wiw 125 AF00 a72  verws &l al 2008
CESTR + PFA Giyosol (ECYPOY 0.4 DC 1103 W 180 95200 130 \Megion stal, 2012
Two CETR Cayoaral [EQYPO} o002 D8aC 1:27:33,1 W E0P0) 140 - B53  Laletal, 2049

©, residencs time F} productity “moli.

=
A e
# 9

FIGURE 1 | Tampersture peaks for the sinowyistion of {efty soohols. Dats
¥oPn Fupe €6 &, (201385

adoption of a sufficiently high pressure can oltimately keep the
alkoxide in liquid state at the process temperature realizing high
concentration with an improvement of the reaction rate.

In the scientific and patent literature, both traditional reaciors,
like the tubular ones, and more innovative reactor configurations,
like microreactors, have been proposed for the continuous
alkoxylation reactions. These last are particularly suitable for
exothermic and multiphase reactions, thanks to the high heat and
mass {ransfer exchanpge rate (Kralisch et al,, 2002; Russo et al.,
2013). Moreover, very recently, alzo stirred Lank reactors in serics
or in combination with FFRs have been proposed as suitable for
a continuous alkoxylation preduction process. In fact, whercas
innavative microreactors showed superior performances in terms

of heat/mass transfer cﬂ'jci:nq' and in theoretical productivity,
many authors still proposed the use of traditional reactor
devices acoepting the drawbacks {lower productivity, lower heat
transfer efficiency) but gaining in the possibility for large-scale
applications. On the other hand, the cxploitation of microdevice
advantages can he achieved through the concept of numbering-
up (instead of scale-up) that involves, however, 2 complex setting
and control. Hybrid emerging technologies, for example, annolar
thin film reactor (tube-in-tube arrangement) of cormugated plate
heat exchanger reactor, could represent a good perspective in the
industrial consolidation of continuous alkoxylation.

In the present paper, the state-of-the-ant of such proposals is
examined. compared, and extensively discussed, also considered
for a possible industrial perspective in terms of productivity of
different systems,

DISCUSSION

From a literature survey of the last decades, several attempis
in performing the alkoxylation process in continuous devices
have been made. In Table 1, examples of the reaction conditions
adopted by different authors are summarized and compared,
also In terms of system productivity expressed as the quantity of
product obtained per unit of time and per unit of reactor volame.

By using tubular reactors, even working under optimized
process conditions of pressure and temperature, there are
problems in the thermal comtrol of the system. This fact has
been solved by diluting the cthylene oxide concentration by
splitting the feed at different points along the tubular reactor.
This solution leads to drawbacks and difficultics owing to the
necessity of a very complex process control system, particularly
in the case of hugh numbering-up {replication of multiple reactor
modules) (Umbach and Stein, 1971: Hinz and Dexheimer, 2002:
Hubel et al, 2010: Nikbin et al., 2018).

A possible solution to the control of temperature can
be the use of a coiled tubular reactor as sugpested in a
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pioncering work of Umbach and Stein (Rupp ot al, 2013ab).
In their investigation, these authors have tested ethooxylation
and propoxylation reactions in two types of tubular reactors
consisting i a stainless-steel tube of different diameters (6 and
9mm) arranged as coils. With this experimental setup, the
authors were able to obtain a complete conversion of alkoxides in
very short residence times, in the range 15-150 s, which is much
lower than the residemt time characteristic of discontinuous
processes, The system 15 operated wnder high pressure (60-100
bar) to maintain ethylene or propylene oxade in liquid state while
the temperature of the feed is guite low (60-T0°C).

The two reactors are designed with a very hagh L/D ratio
(respectively, 2,500 and 1.400) for a better performance in heat
removal; nevertheless, rather high temperatures were reached
along the reactor with a characteristic profile. The achieved
temperature peaks obtained with different systems tested by the
authors can be observed in Figure 1.

As it can be seen, the maximum temperatures reached were
in the range of 240-300°C. Even if only reactions with low
alkoxylation degrees were tested in this investigation (2-4 mol
alkoxide/maol substrate), the productivities obtained resalted very
interesting, giving place to a product throughput up to 100-
1711 kpg'h that corresponds to a monthly production of 60-70
tons and with a specific productivity of 120,000 kg/(h m°). The
same concept has been developed for sucrose-based polyether
production, in the patent by Hinr and Dexheimer (20{2). These
authors used concentrated aqueous solution of sucrose (0%
by weight} as substrate to be cpoxidized and various mixtures
of EQ and PO as epoxide mixture. The employed catalyst was
KOH at 0.4 wt.%. For cxample, by using two reactor modules

connected in series, with a thermostatting fluid, respectively
at 140 and 180°C and with a feed ratio of sucrose solution
and epoxides equal to 11.4:5.8, they obtain an average ratio of
{ED, PO}/ sucrose of around 5.2 molimol. The adopted reaction
pressure was 36.5 bar,

The concept of using a reactor of high L/D ratio, for
maximizing the heal removal efficiency, can be further
stressed by passing to microreactors. Hubel et sl (2010) used
different microchannel devices patented in 2010 to perform the
alkoxylation of alcohols. The authors stated that microdevices
are characterized by a very high efficiency in both mass and
heat transfer. In this way, it is possible fo run the reaction
in safe conditions by using microplates, whose microchannels
{capillarics of a 600pm hydraulic diameter) are optionally
coated with catelysts, where alcohol and epoxide are mixed
directly at the entrance of the plate (see Figure2). In this
way, the two solutions get totally mixed and temperature peaks
are avoided. The described setups allow working in different
configurations, characterized by the presence of heating/cooling
plates that are alternated to plates where catalyst is present. The
configurations differ in how the epoxide is fed to the reactor.
Im fact, it is possible to cither feed the entire stream to the first
plate or feed the mentioned stream in different points of the
micrareactor, keeping its concentration almost constant along
the axial coordinate. The authors claim that a system like that
can work at a temperature wp to 400°C and at a pressure up
to B00 bar, to keep the reaction media in liquid phase. From
the different examples that the author reported, it is interesting
to observe that by working with a residence time of 200s at
190°C and 120 bar, it is possible to achieve 99.6% conversion.

| Process
Service

Epoxide =——-
Alcohol

Products

J

@ Inlat paints

Adapiad Fom Hubsl el & 2010,

AGURE 2 | Mcroreacion dasignad by Hubsl ef 8 (2010} MSSTRIT working preesure: BOO bar; wirkng tempanture: — 10 i 300°5; channed ciameter: 600 pm.
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Different EQVbutanol molar ratios were used between 9 and
5. The microreactors shown in Figure 2 have two possible
channel structures for the reaction side that differ in geometry
(one is mg-ragged, the other step-wised) and the possibality
to feed fresh reactants also along different positions of the
chanmnel itself.

Moreover, the aathors claim that a relatively high ethooylation
degree can be achieved in the micrestructured device described
previously. A molar ratio EQ/alcohol of 35 with a polydispersity
index of 1.06 was achieved by using the conditions reported in
Table 1 and potassium methoxide {3 mol%) as catalyst. In this
way, a very low concentration of unreacted EQ (=10 ppm) was
found in the reactor outlet stream.

In 2011, Anne-Laure Dessimor reported data of a laboratory-
scale microreactors for ethoxylation reactions, performing
kinetic investigations at 230°C and 50 bar (Dessimor, 2011),
claiming a productivity higher than the conventional semi-
batch reactors. An increase of a factor 1.5 was observed
for productivity of & high-pressure two-phase reactor while

Q
Product
EQ ]

L

B CSTH macion lor ethosyiahion, Acapied Fom

a fector of & was obtained in a muli-injection reactor in
which ethylene oadde feed was split in multiple points along
the reactor.
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The same stratefy was sdopted by Rupp ct al. (2013ab) who
studied octanol ethoxylation by using a single microchannel
reactor mmmersed in a thermostatic bath. These authors
performed an extensive experimental and modeling investigation
on the possibility to continuously produce ethoxylated octanal,
to a various degree, in a short residence time with interesting
productivity results. The reactors used in this study are
characterized by L/D ratio in the range 2,000-4,500 and are
constituted by microchannels with diameters of respectively,
250 and B76pm. The feed to the reactor consists in two
separate streams: one contains octanol and dissalved catalysts
{potassium octanoate) and the other is ethylene oxide in the

desired ratio. Just before the reactor, a micromixer (SIMM V2
by IMM, Mainz} 15 installed to ensure a complete mixing and
homogeniration of the reactants. As before, the pressure was
kept in the range 90-100 bar by means of a back-pressure
regulator to ensure a liguid-phase reaction and the kinetic
investigation of these authors covered the temperature range
130-240°C. In these operative conditions, a residence time of
305 resulted enough to reach a complete conversion of ethylene
oxide and to obtain an ethoxylation degree on octanol in the
range 3-8, In this specific experimental device, the maximum
throughput was 0.5 cm?imin that is very low; however,. the
productivity, defined as the amount of product obtained per hour
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and per cubic meter of reactor, is on the contrary very high:
12,600 kg/(h-m®).

The problem of the fow productivity of microreactors in
the alkoxylation reaction hes been recently faced and solved by
the Microinnova Engineering GmbH, using a microstructured
chemical reactor developed by the Institut fir Mikrotechnik
Mainz (IMM) GmbH with innovative fabrication techniques
reported in Krtschil ef al {20013} The reactor is built with the
concept of modularity which allows the manufacture of different
reactors according to the requirements of the process (see skeich
in Figore 3). Microinnova has designed and built an alkoxylation
plant with a productivity of 20 kg/h. This plant is now on
stream and a new plant with a productivity of 200 kg'h is in
assembly. The authors claim that working with their multiple
plate microreactor, it is possible to scale down the reaction times
from 12h to | min, keeping the same product characteristics,
with an intensification factor of about 700,

Otther kinds of reactors are also present in the literature which
structure is more traditional with respect to the already presented
microchannel or microstructured reactors. For example, Yamads
et al. (2006) patented a tubular reactor constituted by different
plates stirred by dynamic impellers. Both the epoxide and
initiator/catalyst mixture are fed from the bottom and the vessel
is kept under pressure by an external vessel pressurized with
nitrogen. The reactor can be operated also by feeding ethylene
oxide in the different stirred sections of the reactor body (see
Figure 4A). A second configuration is also shown, where the
mentioned reactor s placed o a loop {sce Figure 4B). This
last setup could be particularly interesting as a heat exchanger
can be installed on the circulation line improving the reaction
heat removal. In the patent of Yamada et al. (2006), different
examples are reported and among them is worth to note
a case in which a reactor confignration like the scheme of
Figure 4A was used. The reactor (65cm of internal diameter)

was constituted by 10 compartments each of them of 100 cm®
and operated at 120°C and 15 bar. The authors worked with the
double metal cyanide catalyst (DMC]), rinc hexacyanocobaltate
complex, first patented by General Tires in 19605 and widely
used in alkoxylation reactions (McDaniel and Reese, 2007a). The
stirring speed waz 900 rpm, DMC was used as catalyst with
a conceniration of .05 wt% in the inniator. The feed was 2
g/min of polyoxypropylentriol as initiator and PO was adopted
as epoxide. This last was fed al a rate of 1.68 gfmin to each 1. 3,
5,7, and 8 compartments. After 30 min of operation, the reactor
reached stationary conditions with & complete conversion of PO
and with a polydispersity index of 1.12 and with & productivity of
624 keg/(h m).

The strategy to employ CSTR reactor for continuous
ethoxylation, instead of tubular reactor, has been extensively
studied by (McDaniel and Reese, 2007ab, 20082b) Two
interesting examples are reported here to illustrate the approach
based on the CS3TR reactor. Im the first example, a single
CSTR reactor of around 1,900 cm? of volume and equipped
with thermal and pressure controls was wsed to conduct an
ethoxylation at 1707C at 3 bar with La{POy) as catalyst (McDaniel
and HReese, 2007a). The scheme of this reactor is reported in
Figure 5.

The reactor, initially charged with an ethoxylated C/EQ
= 6.5, was fed with B34 gfmin of EQ and 583 gfmin of a
mixture Cyafcatalyst. With a residence time of 2h, a complete
conversion of EQ) was reached and the product was characterized
with a polydispersity index of 1.12. In a second example, the
same authors adopted the strategy of multiple-stage reactors in
series with intermediate feed of EO. The scheme is llustrated in
Figure 6.

The two reactors schematized in Figure 7 have a volume
of respectively, 45 and 9L. DMC was used as catalyst with a
conceniration of 144 ppm. The first reactor was fed with 23.95
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gfmin of initiator {ethoxylate of Neodol 25) and catalyst in a
first stream and with 167 gfmin of EOQ in a second stream.
A forther feed of 16.7 g/min of EQ was fed to the second

bigger reactor. An overall molar ethoxylation degree of 6.6 was
obtained with a residence time of 1.5h in the first reactor and
L1h in the secomd. Finally, a polydispersity index of 1.10 was
obtained for the product stream. The same apparatus described
in Figure &6 was used by McDanicl and Reese (2008ab) for
the continuous cthoxylation of a different mitiator, based on
nonylphenol ethoxylate and with DMC catalyst. At 130°C and
3.5 bar, a productivity of 195 kgf(h m"} was obtained.

Verwijs et al. (2008), Weston et sl (2012}, Villa et al. (2014)
showed another interesting aspect of DMC catalyst that could
favor their industrial application. These catalysts are thermally
deactivated, a fact that increases the safety of the process. By
working with this catalyst, it is possible to reduce the maximum
temperature that the system can reach. In Figure 7, it is possible
to ohserve that KOH leads to a higher temperature than DMC.
Moreover, starting from different initial temperatures, it is
possible to reach different maximum temperatures (Figure 8, left
plot). As it is evident, a slope of temperature increase is still
present but very smooth, Thus, it is possible to take all the safety
procedures to stop the reaction {Dessimeor, 2011

All these considerations can be better understood if we
consider that in Figore & the AT is reported as a multiplication
factor with respect to the initial temperature (a value of 2 means
that the temperature was doubled with respect to the initial).
These authors reporied a different example in their patent as
a reaction in liquid phase under pressure adopting a CSTR
reactor enclosed in a circulation loop and a tubular reactor used
as digestor of the unreacted monomer (PO} By using ghrcerol
alkowylate as initiator and propylene oxide as monomer, an
overall productivity of 372 kgf(h m”) was obtained at relatively
low temperature {110°C in CSTR and 125°C in PFR).

For what concerns reactor configuration, in the patent of Villa
et al. (2014), different loop continuous systems are proposed and.
among them, one is particularly promising and is represented
schematically in Figore 8. In an example reporied by these
authors, two reactors (CSTH and PFR) with & volume of 28 and
251, respectively, were used to process a diol of 400 Da and
obtain a product of 4,000 Da that corresponds to an EQYS maolar
ratio of about 80. The catalyst concentration of 25 ppm and
reaction temperature of 140°C were used as other conditions. A
high circulation flow rate of 7,500 kg'h was adopted to minimize
temperature and concentration differences (maximum AT =
1*C). With a residence time of 3h in each reactor, the authors
obtained a residual EOQ concentration in the loop of 0.3% and a
product with a polydispersity index of 1.11.

In 2016, Aigner ct al. filed & patent claiming a new reaclor
technology dedicated to the continuous alkoxylation reaction
of a generic substrate with active hydrogen atoms (Aigner
et al, 2016). The reactor is designed as a concentric tubular
reactor in which an annular space is obtained for performing
the reaction continuously (see sketch in Figure 9). In this way,
the annular gap reaction volume (width 6.5mm, diameter 3
inches, length 5m) is very similar to a thin film with enhanced
properties of thermal cxchange and sble to achieve safe operation,
Such a reactor system is characterived by a L/D ratio of
about 770 and is able to achieve s product throupghput of
250 kg'h (¥mol EQOYmol n-nonyl phenol) in correspondence to
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& residence time of roughly 1605 and with a productivity of
22,000 kg/(h-m?}. The authors claim the possibility to complete
the reaction either in a separate tank or in the same reactor
by introducing a higher volume at its bottom. In this way,
products of different properties can be produced. Despite the
fact that this reactor was built in a quite complex way, it opens
the perspective of a real industrial utilization in the feld of
alkoxylation technology.

In the patent of Lai et al. (2019), two CSTR reactors connected
in serics allowed to obtain a polyolether constituted by EQVPO
copolymer (Hrecruch et al, 2016) using DMC as catalyst
(20 ppm} at a temperature of 140°C. Glycerol was used as
starter and in the final product a weight ratio POVEQ of 12
was obtained.

Another very interesting reactor configuration was proposed
by Nikbin et al. (2018). The continuous reactor was assembled
a5 three concentric tubes (tube-in-tube setup) schematically
represented  in Figore 100 In the inner,  small-diameter
tube, alkoxide is fed and can be distributed aslong the
reactor axis at different axial positions; in the intermediate
annular section, the reaction rone, the starier s fed and
the reaction occurs with alkoxide coming from holes in
the inner tube. Between the larger external tube and the
intermediate one, the cooling fluid is fed allowing an optimal
temperature control.

With this configuration, the zuthors described the wse of
& very long reactor (200m) with a volume of 30 m?. The
reactor was operated in three sections to demonsirate the
fiexibility of the operation: in the first 50m, PO was fed
through the holes of internal tube; in the next 104 m, EQ was
edded in the same way and the remaining 46 m were used as
cooking section.
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CONCLUSION

If we consider the recent findings reviewed in this paper, a
promising perspective is nowadays available for performing
alkoxylation reactions in continuous modality. 1t has been
demonstrated that specifically designed continuous reactors can
furnish very good performances in terms of productivity and for
ensuring safe operation in the adopted conditions. The reactors
are characterized by sufficient flexibility to achieve different
alkoxylation degrees being, in thiz way, suitable for differemt
productions. The obtained productivity is sufficiently high te
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of wseful industrial applications. Employing these emerging
technologies, a new era in alkoxylation technology could start in
the near future.

In perspective, more experimental and theoretical activities
are needed to confirm the intercsting data that emerged
from the preliminary results reported in this review to
achieve the conceptuslization of new offen process windows
for the alkexylation reaction, realizing prototypes solving the
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Chemical Reaction Engineering started its history with the development of refinery and
petrochemical industry at the beginning of the last century (Lovenspicl, 1580). To come
to commercial scale, laboratory data needs to be trensferred toward induwstrial applications.
That optimization of process performance demands for the merge of fundamentals sciences
(chemistry, physics. mathematics—reactor modeling) in a new applied discipline: Chemical
Reaction Engineering (CRE) {Levenspel, 1998; Froment et al., 2010; Scott Fogler, 2016). In the
recent decades, an increasing trend is observed in the use of biology and particularly biocatalysis
for application in biotechnology (Bischoff, 1966; Katoh et al., 2015).

The main ficlds of chemistry belonging to CRE are thermodynamics, kinetics and catalysis
{Levenspiel, 1998; Froment et al, 201 Scott Fogler, 2016}, The classical kinetic approach provides
the development of know-how about the conduction of a kinetic test, drawing the lines about the
correct definition of the minimum number of experiments needed to understand the kinetics of
a reaction network (Salmi et al, 201{); Santacesaris and Tesser, 2018). The main concern of this
approach is the need to determine kinetic parameters from the collected data, most likely defining
a reaction mechanism. The experimental data implementation is becoming nowadays more and
more sophisticated, moving to a deeper understanding of the micro-scale of a reaction. To describe
the observed chemical phenomena, the underlying physical phenomena need also to be considered
{Ramachandran and Chaudhari, 1983; Dudakovic et al., 1995).

Currently, the boundary in CRE is pushed from the macro-meso-micro- to the nano-electronic
scale (Lerou and Ng, 1996; Sivec et al, 2019). This is enabled by advances made in the development
of experimental equipment for investigation. For instance, nowadays it is possible to follow the
kinetics of a reaction with fm-situ operando technigues allowing the determination of realistic
reaction mechanism (Grada et al., 2003; Frenken and Groot, 2017; Li et al, 2019). To describe the
phenomena at the nano scale it is necessary to use a quantum mechanics approach. Increasingly,
DFT s coupled with kinctic modeling, coined microkinetic, demonstrating high predictability of
the reaction kinetics ( Alexopoulos et al., 2016; Hussain Motapamwala et al; 2015}, In the future,
cfforts in this ficld are expected to provide important insights into molecular phenomena and to
foster process improvement.

A great disruptive transformation of reactor design has made its way from academia to industrial
use. New concepts are now available, such as:

s the intensification of the processes with multifunctional reactors (Cho et al, 1980; Tavior and
i m'clhmm.' Krishna, _EL'HJL':‘; Rodrigues et al., EUIlE; Galluca c% ak, 201 3; Russf e.l aJ.! I01R) o
i e i » the opening the novel process windows by microreactors {Kiwi-Minsker and Renken, 2005;
Ao and AMscro Wikt Hessel, 2008},
Front Chem. Eng 1:2 e« the use of alterative way to transfer energy to the reactive system (mainly with microwaves or
dal 10,3583/ 0ang 3019.00002 cavitational reactors; Nachter et al,, 2004; Gogate, 2008).
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All the above new concepts have the same ohjective: on the one
hand to optimize the processes by reducing the required energy
and waste and, on the other hand, to increase the safety. Yet,
although they can offer more novel process windows, with only
a part of that having been released,—the new types of reactors
slowly change the way of carrying processes.

Also concerning macro-scale processing substantial efforts
have been made to improve technical instrumentations, allowing
the precise determination of the physical properties of fluids
and solids inside the reactors (e.g. tomography, high resolution
IR camera, MRI imaging) {Kumar et el., 1957; Gladden et al,
2003; Rafique et al, 2004).Therefore, the classical approach
of describing physical phenomena in simple terms is moving
in a more sophisticated and realistic direction: from the use
of dimenswonless numbers to computational fluid-dynamics.
Classically, for example, when simulating continuous reactors,
the momentum balance equations are neglected, and the fuid-
dynamics is described in terms of pressure-drop correlations.
This approach is usually valid, but what if the geometry of
the packing 15 non-conventional? What if the fluid-dynamics is
far from being classical? It has been demonstrated that CFD¥
maodeling can be coupled with a classical kinctic approach
to consider irregular geometries of nen-conventional packing
malterials, such as foams (Della Torre et al., 20T6).

These approaches are at the forefront of CRE: scientists
specialized in physical chemistry and fluid-dynamics develop
tools for the deep investigation of the fundamentals of the cited
disciplines. It is evident that classical CRE is the joining link
between the two approaches,
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In the development of CRE the evolution of computational
tools {both hardware and software) s paining a fundamental
role. Computational times arc becoming ever shorter, high
performance calculators are released wirtnally every day,
supporting the development of reliable and more sophisticated
kinctic and reactor models. Great efforts have been made in the
past to develop adequate mathematical models. The research in
the ficld s still taking on new challenges for chemical reaction
engineering (Varma and Morbidelli, 1997; Rasmuson et al, 2014).

What is the Grand Challenge of CRE? The main challenge
is to build & relishle bridge from the nano to the macro
scale, that allows to predict the behavior of 8 whole chemical
process, starting from its definition by scratch. To do this it
is certainly necessary to continue rescarching the boundaries
{the neno dimensions and the detaded description of fluid
dynamics phenomena) without compromising the use of classical
approaches. It must be remembered that often the simplest
approaches lead to the faster and to the most reliable results (K155
principle—keep it simple, stupid). Both fundamental and applied
research are equally important to achieve the final objective:
to develop new chemical processes for the sake of increasing
safety and decrcasing depletion of natural resources and the
total environmental impact, following the 12 principles of green
engincering (Anasias and Zimmerman, 2003} and sustainable
process design {Constable et sk, 2016).
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Etheeylation and propoe ation reactions ane performed i the indusy to prodisce mainly non-|omic surfatants.
and ethylene axide { EO}-propylens oxide [PO) copolymers. Both the reactions ocour in gas-{iquid reactors by
feeding gaseous EQ, PO or both into the reagor containing a solution of an allaline catalyst | KOH or MaDH |
Non-londe surfactants are prod eeed by usng liquid starters like fary akohols, fary acids or alkyd-phenols
‘while wihen the scope is o pre pare BD-PO copolymers the startercan be a nmono- or mul tHunctional aloohs
of low milecular welght Both reactions are strong yexethermic, and B0 and PO, in some conditions, can give

ﬁmm place to nunaway and also to explodve dde reactions. Thenefore, the cholce of a suitable reactor is a key factor
Propocylatin foroperating in safe condit ons. Acomed readtor des i requites: 1) the knowledge of the lnetic laws governing
Kinstios thee rates of the ocourmng read lons; {U) the role of mass.and heat tramsfer in affecting the reaction rate; (1) the
Miass transier sodubility of EO and PO inthe re a ing misturew ith fenon-ide alin of the reacting solutions considersd | v ) the
Spiay tower loop reactar density of the re.act ng mixnire All these aspects have been stadied by owr researdh group for different stamers of

indusrial interest. and the data collected by wsing semibateh well stimed laberatory reactors have been

employed for the dmulanion of induwstrial readors. in pamicular Gas-Liguld Spray Tower Loop Read ofs.

©2018 The Chemical Indusry and Engineering Sodery of China, and Chemicl Industry Press All rights resenved.
1. Introduction normally kept in a range of 120-200°C. EQ and PO, in the mentioned

Falyethoxylation and polypropoegylation reacions are normally per-
formed, in industry, for preparing non-ionic surfactant and polymers
| 1-3]. Both the reactions are highly exothermic [-83.7 kf-mal ™ '}and
requires an efficient heat exchange to avoid the hazard of runaway
that is particularly dangemus for the possible intervention, at high tem-
perature, of explasive side reactions related to ethylene ar propylens
oxide decomposition [4,5) In all cases the reaction needs a starter,
that is, a molkecule having a more or less acid terminal proton, The
starter can be a hydrophobic molecule, inthe case of produdng surfac-
tants or a hydrophilic molecule of fow maolecular weight for producng
palymers,

Polyethoxylation and poly propaxylation are nommally promoted by
an alkaline catalyst like KOH, MaDH or related alkoxides previously dis
solved in the starter. The reaction is normally shudied in laboratony by
using well-miced semibatch reactors. Ethylene aode (EQ) or propylene
oxide [PO) orboth aregradually added tothe solutionofanalkaline cat-
alystinthe liquid sarter previously heated at the reaction tem peratume,

* {nrmesponding awshir.
E-mil addrecr: infodiay rochemenginesnngomm (B Santaresaria ),
rccaslaescen@unmait (R Teser] diserio@uninait (MU0 S}
LIRL: hitp ' fweww eumchemenginssnngoom [E Santaesnz)

ety Eloiang 10 1016/ ciche 20 18,820 30

wonditions of temperature, quickly evaporate and are partifoned be-
tween gas and liguid phases. The reaction occurs in liquid phase be-
tweeen the starter and the gaseous reagent dizssolved into the starter,
The pressure of the gas phase is kept constant at a level of 02—
0.5 MPa by continuously feeding the alkylene oxide reagent. To study
the madion kinetics, it is important, frstof all, to create a large gas-lig-
uid interface area to avoid masstranster imitation Moreower, consider-
ing that the reaction ooours in the iquid phase, it is opportune o know
how the EQ and PO solubility changes by changing pressure, tempera-
ture and chemical composition of the reaction envimnment It is o ppor-
tune toachieve the EQ, PO solubility data by experiments independent
of the kinetic study or by using predictive methods, Another important
pointto be conddered in the kinetic study is that the volume of the ne-
action mixture incregses as the polyalkooylaton reaction proceeds. Asa
consequence, it isnecessary o know howthe density of the liguid phase
changes with the reaction extent and the temperture. A kinetic model,
for interpreting cormectly the behavior of the polyalkoxyation reactions,
must consider both the mentoned effects and must be developed on
the hasis of the alkoxylation reacion mechanism. In this review, the k-
netic appmach fortheethoxylation and propoxylation of many different
starters, performed in laboratory semibatch gas—liguid well-simed re-
actors, 18 described in detail together with the agreement achieved be-
tween the developed kinetic models and the experimental obtained

1004-954 140 201 8 The Chamical Indusoy and Enginesring Socisy of China, and Chemical Indusry Press. ATl rights reserued .
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results, Then, it will be shown how the kinetic models and related pa-
rameters can beus dullyemployed forsimulating the behavior o findus-
trial reactors, in particular, the Spray Tower Loop Readors,

2 Kinetics in the Lterature

A lot of kinetic runs have been performed in laboratory by the me-
search group of the authors by using different starters and alternatively
ED or PO, The different runs have been performed with the aim to
evaluate:

1} the effects of both the acidity of the starterand the nucleaphilicity of
the corresponding anions |6-8].

2) the effect of the type of involved hydroxyls using respectively 1-and
2-pctanal as starters |91

3] the dfect of low molecular weight hydrophilic and polyfunctional
starters, suchas ethylene and tetraethylene glyools |10}

4} the behavior of propylene oxide in companson with o hylene oodde
210}

Maore details about the pedformed runs are reported in Fg. 1.
2.1, loboratory regctor for sudying e kinetics

The kinetics of polyalkoxylation have been siudied by using a
thermaostated well-mixed semibatch reactors equipped with a mag-
netic driven stirrer sucking the gas and dispersing itin small bubbles
inside the liquid phase. The large interface area developed by stirming
avoids reaction rate suffered from mass transfer imitation. EQ or PO
are pressurized in abottle with nitrogen and automatically fed to the
reactor kept at constant moderate pressure of 02 or 0.3 MPa. Small
zamples of the reacting liguid were withdrawn at different times
and analyzed by HPLC. A scheme of the employed apparatus is in
Fig. 2,

3. Alkoxylation Reaction Mechanism (5.2 )

The catalys precursor KOH or MaOH is added o the starter and re-
acts with it forming in situ the true caalyst and water. Water must be

removed by heating under vacuum the reaction micture, because, it
acts as an undesired starter giving place to a side reaction. Then, when
the racton temperature is reached, ethylene or propylene oxide ar
bath are added and the palymernization reaction starts, The initation
step ovcurs with an 5,2 mechanism followed by further maction steps
af propagation oocurring with the same mechanism. The produd is
formed thanks to the proton transfer reaction that is an equilibrium
fast reaction. The descbed reaction mechanism is summarized in the
scheme of Fig 3 [11]

This is a living polymer because no termination ocours and in the
presence of the catakyst the reaction starts againwhen we add ahylene
or propylens oxide. The reaction can be defnitively stopped only by
newtrlizing the allaline catalyst with anacd

4 Polyalkoxylation Kinetic Model Describing a Semibatch Well-
stirmed Reactor

On the basis of the described mechanism a kinetic model can be
written. We can define first of all aneguation describing the subsirate
consumption and then a series of equations describing res pectively
the formation and disappearing of any single oligomer and, at last, an
equation giving the overall consumption of the alkylene mdde. Then
wecan consider also the eventual contribution of the mass transfer lim-
itation by equating the overall reaction rate to the mass trander rate If
the reactor is not perdfectly isothemmal we have to evaluate also the
change of temperature inside the reactor by solving the heat halance
equation reportedin Rg. 4

To salve this system of differential equations we need to know,
first of all, the expressions of the reaction rates that are present in
the system. Considering the reaction mechanism we can write for
the initiation and propagation rates second order kinetic laws, such
as

1 = kg [RX M} jAD) (n

Propagation ry= k| RX[AD), M) 12}

List of the kinetic runs performed

Kinetic runs performed using EO or PO with the following starters:

1) Nonylphenol
i) A i

h 4

Effect of the starter acidity and of the
carrespanding anben nuclecphilicity

3 Dodecansie ackl

4) 1-Octansl
8} 2-Octancl

3! Effect of the type of involved hydronyl |

&) Ethylane glycol
¥) Tetraathylen glycol

h 4

“Effect of low malecular welght hydrophilic |
starters and of their palyfunctionality

1} 1-Octancd

Kinetic runs performed using PO with the following starters:

2] 2-Octanocd

_H Comparison with the kinetie behavisuralf EQ ]

3) Ethylene glyeal

Fig. 1. List afthe periormed idnetic runs and the reluied scope.
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Alkoxylation reaction mechanism (5,,2)

R.‘CH+MDHHRH'M'+H;U{T] Activation
k
RE M+ A0—EsRXADM" itz
a o
_ Falh L J
X + CHr—TH—R — | B¥—CHr—CH —R| — BX=—CH;—CH—0O
e
T k S5
RX(AOL M~ + A0 —2£ 5 RX(AD)L M Prapagation
; X i
RX™M* +RX(AO) He—L 3 RXH+RX(AOL M" Praton transfer
Fig. 3. Palyalkoxylation reaction meschanim
ation kinetic model des & semibateh well stirred reactor
diHNH]
Substrate consiimpifon T = —Fy
Olignmers formation or consumption w = Fjmq = Fj =1 .

Overall alkylene vxide consumption

Gastlguld mass transfor rate

Heat balance for not isotherm reactor

i
%z_vlﬂ;un =J

J= F(lA0]; = [AOQ]y) with 8, = kpay

dipamT) 5
WT' =—(ElLyrodd —g

g=heai remeved from the system by ihe heat eachanger

Fig 4. Kinetic mod & desoriiin ga semdbaich wellsiirmed reacior.
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Maoreover, as the reaction products are obfained through the proton
transfer equilibria, we assume all these reactions at equilibrivm and in-
troduce the corresponding equilibrium constants.

 [RXH] [RX{AD) M7
Froton transfer equilibria Ka = RATAD, H R M| ]

Initial conditions are; 1 = 0, | EXH] = [RXH]", [RX{AD)H] = 0,n4p =
0.T=T.

But we have some ot her problems to solve before starting with the
caloulations:

1} The concentrations appearing in the expressions of the kinetic
madel change along the Gme, not only as a consquence of the reac-
tion but also because the liguid volume of the reacting mixture
changes during the readion

The solubility of the allgflene axide changes. too, with the pressure,
temperature and poly mer compasition, and we need to know how
this change oocurs.

3) At last the catalyst is partitioned betwesn the unreacted starter

anion ardd the growing chains ethogylated anions

2

This last problem can be solved by introducing in the catalyst mass
halance a reasonable approximation expressed by these relations:

[RXH] + [RX™M*[=RXH] and [RX{AO}H] + [RX[AO) M*|
= [RN(AO) H] o

fis a conseguence we have:

[RXH8 °

[RX~M*} = L T
T [RMH] 4 K [RXADYH] :
= ieafrx e &

where B is the overall catalyst concentration. Densities and solubilities
must be determined with independent experiments |11,12] or by pre-
dictive calculations as described in the following chapter,

5. Effect of Dersity Change on the Kinetics

As before mentioned, we have to evaluate how the density changes
as a function of the number of adducts and of the temperature by inter-
polating, for example the experimental data with a polymomial empir-
ical mepression like the following one:

The values of the cosfficients A to E. experimentally determined for
soime different substrates, are reported in Table 1.

6. Effect of ADQ Solubility on the Kinetics

The alkylene oxide solubility in the maction mbdume can be consid-
ered as a psendo-binary system: one component being the alkylene
oxide ard the other a more or less ethoxylated substmte considering
theaverage number of ethogy groups {1213 ] The vapor phase can nor-
mally be consdered ideal but the liquid phase is usually, characterized
by high non-ideality, therefore, the equilibrium alkylene wdde molar
fraction in liguid phase i given by the Raoult equation, while the
Antoine equation can be used for determining the corresponding equi-
librium vapor pressure:

A Py
Raoult equation x, = 7a
eq o (Fa)
2568
e | 16.7: T
Antaoine equation P, = i - [7h)

The interpretation of experimental data can be made by using the
Wilsonor the NRTL methods that pedforms very well. Here are reported,
as example, the Wilkon equations containing the binary interaction pa-
rameters Apz and Az

Inyy == In{x; +%M) + 22/ (¥ + X2 An )= An/ (% +% M)
(8)

bt yy = = Inf +xAa) + Az e +xzdn)—An g + 0 )
(9)

Then. the binary interaction parameters can be correlated with the
awerage number of alkylene mdde groups nag:

A=A+ Bang + Cun?.a An = An+ Bangg +Ca n"'m
(10

In Table 2 the parameters experimentally found for different sub-
strates ame reported,

In the absence of experimental data, the well-kmown predictive
methods such as UNIFAC or ASOG can be used,

7. Effect of the Catalyst Anion Nocleophiicity and Starter Acdity

The molecule acdity and the different nucleophilicity of the starter

2 3
p=3+5(mwm);_c(mm) +D(Eﬂ“"") +ET 16 anions have a dramatic effect on the kinetic behavior [11], as itcan be
JEXH ] [RXH ] |RXH ] appredated in Ag 5.

Table1

Empirical par ameters 10 desorib e the densifies of diffensnt hydrmphobic substrates and neloed sthoovlted miomes [11,12]
Substrae A I C il E O
Manyl phenal + n 20 nas 231073 —533:107" —EM 107 —65 = 107* 10
Dodemanal +=aEQ L86 2801077 —4J76x 107" —2f8x 10 17 xur! 15
Dodecanaic acid + n B0 ] 3251077 320107 —102 % 107 —an w10t 'l

Table 2

Empirica prar ameters of the Wilan mode] experimentally knmd for diferent subshates
Substraie A Bz Cia Ay By L
Nomy phenal + o EQ 4010 1187« 10" 1351 = 107 BT W 10! —&4F x 107 533« 10"
Dodeanal + nEQ 1300 Q61 1« 10 —1 867 « 102 — 4060w 10! ATNdx 102 — 1340 = 10
Dodeanoi aid + o B 5917 1042 1584w 107 REM w1072 — 472 w00 — A0« 105
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8§ <4 —%— Dodecanoic scud
| T=144°C, PED;:i Jatm, HaOH 1.2% by male
--&--- 1-Dodacanol
5 T=128°C, P =1 aim  KOH 1% by mole
4 w®m Nonyiphanol /

EO/RXH®

T=85°C, F'ED':i atm, KOH 1.15% by mole J
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time/min

PFig. & The efflectof acidity of the garier and of nuckophilicity af e comesponding zman an the sthoolton adiviy [12tm = 100325 @) {11

In Fig, 5, the kinetic behavior observed for mspectively 1-dodecanal,
dodecanoic add and nonylphenol are reported for comparison.,
Dodecanol has a quasi linear tend of the ethylene mdde consumption,
nonylphenol shows two consecotive linear trends, while, dodecanoic
acid has an initial curve going toward a plateau followed by a inear
trend in which the reaction rate increases wery much with respect to
the initial reaction rate. It has been observed that dodecanoic acid | 8]
gives place initially to a reaction that is not catalyzed by KOH. The reac-
tion initially is promoted by the acidity of the starter and the reaction,
therefore, oocurs also in the absence of KOH. When the first adduct
completely neutralized the dodecanoic acidity, the reaction, catalyzed
by KOH, starts with a rate similar to the one ohserved for dodecanal.
This behavior can be well appreciated in Fig 6.

1.0 T ey
“'
'y | & withces BOH catsigst
LEE TSP, P4 atm
|0 wits WKOH cataigt 1 mal %
T=ARFC, A= mm
(114} T T T T T

0 0 100 150 2m =0 30

time/mmn

Fig . Pecuhar knetic behavior of Tadty acwds in the ethocylation. Reprnied with
permissiom from | 8] Copyright | 1994} American ChemialSociety {1 atm = 101325 kPa)

In Ag. 7, the kinetic behavior of dodecanol ohsenved in three differ-
ent rung, performed at 2 = 10° Paofpressure and at three different tem-
peratures is reported 7). In the same fgure an example of oligomer
distribution related to Run 1 isalso meported. Points are experimental
data, lines are caloulated with the previously described kinetic model.

Omnly thmee parameters are necessary o descnbe the ethogylation of
a starter constituted by a primary akohol like dodecanol, because, initi-
atonrate is approximately squal to the rates of all the successive prop-
agation steps. Moreover, the proton exchange equilibrivm constant is a
unigue value independently of chain length and temperature. There-
fore, the kinetic pammeters ex perimentally determined for dodecanal
am [7]:

In A = InAy =203 +030

AE; = AE, = (5556 +0.95) k] -mol ™' K,~465

The behavior of the kineticand equilibrium congant with the tem-
perature can be appreciated in Fig. &

In FAg. 9, the kinetic behavior of nonylphenol | 6] for same runs per-
formed by changing both the temperature and the pressure are re-
ported. In the same fgure, an example of oligomer distibution related
to run 4 is also reported. As before, points are experimental; lines are
calculated always with the previously described kinetic model but
with different kinetic parameters,

Inthis case, the initiation rate is dearly different from the successive
propagation steps. This ocours, becaus, the nonylphend hydroxyl has a
greater acdity and the corresponding anion has a lower nucleophilicity
than the primary alcohol formed in the successive propagation steps,
Therefore, the initiation kinetic constant is different from the constants
of the propagation steps.

Hence, two different kinetic constants and related activation ener-
i and a pmoton transfer equilibrium parameter and related enthalpy
change are necessary, in this case, o describe all the nonylphenol
ethowgrlation kinetic runs,
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Fig. 7.The kinet cbehavior of the stater doderanolat d iffenem temperatyresand cuiahyst concentr aton. Reprinted with permission from|[7| Copyright | 1992 | American Chemicad Sodety

{1 bar = 10F PaL

Kinetic parameters determined
A= (2162 0.06} = 10"™ enrvmal "min ' AR - [102.88.= 334} k] mal”
Ap = (267 =1.10) = 10" e’ mal " omin ™' AF, = [107.90+ 52.26) K] . o~

Ko = {3102 012} x 1077 AH, = (—S100 =1 80 k] mal ™"

Itisinteresting to point oot that the differenoe in the kinetic constant
of the initiabon depwith respect to the propagation one has a dramatic

In K or in Keoi

g

Arrhenius plot

5| Van't Hoff
Feal

4] L L
21 23 25 27 5

T =107 K

Fig 8. Arthemius and Vant Half plots far the parameters of dodscamo] sthaxylition.
Reprinted with permission from [7 | Gopyright (1952 ) Amenian Chemicl Socety.

effect on the olignmers distribution, as shown in Fig. 10, As it can be
seen, in this figure, 1-dodecanal showsa broaden aligomers distribution
and a large amount of un-reacted aleoho | if compared with nonylphenal
(12}

& Propoxylation Mechanism and the Kinetics of PO with EOQ

On a theoretical basis the asymmetric characteristics of the pro-
pylene axide molecule could generate, when ring opening reaction
OUCurs, a pimary or a secondary aleohol, as a consequence of the -
cleophilic attack to respectively the methylene group 1 or the
methyne group 2.

I
o g ROCH;—CHO-M*
7%, 17

ROM* + CHp—CH—CHy" :

12 LR ?HE‘

! ROCH—CHO-M*

But by 13C NMR analysis, it is possible to demonstrate that the
contribution of route 2 is negligible. Therefore, reaction with PO
mives place exclusively to a secondary aloohal. In order to compare
the readtivity of primary and secondary alcohols in both
ethmeylation and propaxylation, a series of runs have been made
using respectively 1- and 2-octanal asstarters in both ethoxylation
and propoxylation |9,14,15), The resulis can be appreciated in the
plots of Ag. 11

As it can be seen, two limit conditions of reactivity can be
recognized in Fig. 11 corresponding respectively to the reacton
of a primary alcohol with EQ [higher activity} and to the reaction
of a secondary alcohol with PO (lower activity). These two
systems, although having different reactivities, are quite similar in
behavior, because the hydroxyl that formed after any step of
polymerization has the same characteristics, that is, the primary
alcohol reacting with EQ remains primary, while the secondary
alcohol reacting with PO remains secondary. The consequence is
that there is no difference between initiation and propagaton
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kinetic constants. On the contrary, when asecondary aloohol | 2-octanol )
is subjected to ethogylation, a primary aloohol is formed. In this
case, initiabion and propagation constants are ditferent, but the
propagation constant is equal to the one observed for the system
starting with a primary alcohol. In the case of a primary aloohol
submitted to propoxylation, from a primary alcohol a secondary
one is obtained, and again, the initiation has a constant different
from propagation, but the propagation step constant is the same
as the system starting from secondary alcohol. In other words, at a
piven temperature only 4 kinetic parameters can describe with
a satisfactory approximation all the knetc behaviors of the
considered systems. In conclusion, when a change ocours from
primary to secondary alcohol or vice versa we need at least two
kinetic constants to describe the system but one only parameter is
necessary when no change ooours, 5o, we can identify four different

Adduct/Wis

oorurring reactions with their own kinetic behavior and related
kinetic constant:

L]
P, i
R—CHyO"M' + CH:—CHy —= R—GCH0CH:

CHAO-MY

CH; o CHy CHy

| s | [
R — CHOH® + CHy—CH—CHy — = = R—CHOCH: — CHO-M*
CHy

o
| M. i
R— CHOAM® + Chy— foHy — e B — CHEG Hy — CHZO-M*

CHy

o GHy
Ak kg I
R—CHOM" 4 CHi—CH—CHy — =  R—CHyOCHy — CGHO-M®

35
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Fig. 1L The eficd afithe differenee in teekdnetic s of i mitaaon and propagation an the ol game s distbuton [13]
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Fig. 1. Kinetic behaviar ohserved far the reaction of 1- 2nd 2ctnel with respecively ethyleneand propykne oxide [13]

The kinetic constants for each reaction type are reparted in Table 2,

For what concerns the proton transfer equilibrium constants, these
pammeters seem independent of temperature and chain length and
the values experimentally found are;

Koy =20+03 K3 =35+04 K =22+02 Ky =25+03

Table 3
Kineti amnstants for desaibing all the reactian oaurrimg in the sthoxyltion and
popocylatian of both 1 2nd 2 octanal

Kinetic mnstants InA AEK)- mad ="
ki X524+ 035 543 175
ki 2259+ 00% 6577 421
kzy A3+ 004 MLE +42
ko 2510+ 019 M50 +78

The effect of the type of hydmxyl on the EQ and PO activity can be
wiell apprediated in the Arthenius plot of Fig, 12, As it can be seen, we
can write that kyy = = kyz > kyy = = K.

Again, it is opportune to point out that as in the previous examples
for sirulating all these systerns we need to evaluate, wath independent
experiments, how density changes with the polymerization degree and
the temperature, evaluating the parameters of an empirical polynomial
correlation. For example, the densiies parameters determined by me-
gression for both 1 - an 2-octanaol reacting with ethylene or pmopylene
ouride are reported in Tahle 4

For completing the kinetic analysis, we have also to evahate the O/
PO solubilities in both the starter and the corresponding ethox ylated
mizture. In this case, the solubility valies have been estimated by
using the predictive method UNIFAC and the obtained valuesfor a pres-
sure of 0.2 MPa are reparted in Table 5. As it can be seen, PO is twice
mare soluble than EQ, and this mpresents a problem for the safety of
the reactors working with PO
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- lr K21

; In Ky
*"“\ =In Kyg *in Koz
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1
0 —

|
-I | i L I
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Fig. 12. A comqmran of theactvity found for the ethaxylation and propomoyision af 1-
and 2-odanol respectively Reprinied with permision fom (9] Gopyright (1996)
Amerian Chensial Sodety.

Table 4
Empirical par ameters far determining the densty ol the micarnes of oligo mers ob tined
oy ethaxylation and propacylaion of 1- and 2-aatanol

Sarer Epaxide A ] T ar

1-Octanal EQ 0850 ooy G510 100130
T=Octanal i ] 860 [l afxio* L
ZOctanal ED QERG (BT 010 100-100
20ctanal i) a6 006 T0 10— 100-130

d=A+8n+CT{g-an™).
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Table &
Sahbilittes of BD aned PO 1- and 2-octmal and relaed algomers michi s deermined
fy UINIFAC

Canc = 1(]'-’.u'rr|.n]-u:r||'-J

Substrate Epoidle 00T 1307 1307C 160
1 -Octanal EQ 14 LIE-5] L1l

1-Octanal +1 ED EQ 14 0EG Lic]

1=Qectznal 0 27 120 1.40

1-0ctanal +1 P ra 25 1.2 100

2+0ctanal EQ 14 Lk} i} a2
2-Octanal +1 ED EQ 14 100 Li:x) 044
2-Octznal ™ 6 1.6 130

2-0Octanal +1 70 "0 i} 1.X Lk}

9. Effect of Using Low Moleular Starters
9.1, Ethowylation of ethdene gheool and e mee thylene ghycol

Let us consider now the effect on the kinetics of low moleqilar
weight hydrophilic starters. In Fig. 13, the kinetic mns of
palyethmoylabon using respectively ethylene glycol and tetracthylene
glycol, as starters at different temperature are reported |10)] From
these figures it is possible to cbsrvethat the reacion rate is slighty de-
clining with the starter ethylene glycol, while is just a straight line
starting with tetraethylene glycol. The condusion is that in the first
case, we need at least two kinetic parameters for the complete simula-
tion while in the second case, one only parameter is enough. In Fiz, 14
are reported, in an Arrhenius type plot, the kinetic constants of the ini-
tiaton and propagation reactions for the polyethoxylation of ethylene
glycol, Imitiation and propagation constants are  equal  for
tetraethylenglycol comesponding to the propagation constant of ethyl-
ene ghycol

On the same plot are reported for comparison also the kinetic con-
stants determined for the ethoxylation of 1-octanol and 1-dodecanol.
Asitcan be seen, the data points fall on the straight line, canfirming
that the propagation constant i appraximately the same for a primany
aleohol independently of the type of starter ( hydrophobic or hydro-
philic ] and of the chain length.

The best fitting kinetic parameters are:

ky = A A5/ET nA=375+26

AF, = [90.8 + 7.9) k- mol ™
by = AgeobiiT

AE; = (661 +4.6) k] - mol

InA, =280 + 1.4

o
e
W
1

75K

EQ/EG mola ratio
o=
g
#
=
-

\

T
[ L] = k) ag S0 L] m
time/min

104
1 Initiation
o
B
|
E 5
£ 7 |
il ®
[ ]
0 1-octanod ethoxylalion kinatic constant
B (Di Sera et 2/, 1698)
o 1-dedeansl ethosylation kinetic constant
§ (Sarimcasaria ol a. 1952)
m'an&s'unbu1u.nﬁaﬁ'nnﬁs'unéz‘r'uu'm'un'm'an'm

THK!

Fig. 1 Asrheri us type plot Tar the sthocylation of ethylene gyl The ph tsvalid abio for
the sarer tetra-=th ykene gheml. Reprinted with permision from | 10] Gopynght (2002)
American Chemia] Socisty.

9.2 Propocylztion of ethidene ghecol

The maction of PO with ethylene glycol | 10] gives place to anasym-
matric mono-adduct (A1), A& further reaction with propylene oxide can
give two typeso fhi-adducts one symmetric (52} and another agymmet-
ric [AZ ). The asymmetric compound AZ follows two different growing
routes, while 52 has only one possibility of reaction ascan be seen in
the scheme of Ag. 15

The kinetic model of propoxylation is slightly different with respect
to the mode] nitially desabed in this work: By conddering the mecha-
nism reported in Fig, 15, we have one initation mte but bewo different
pmpagton routes, one followed by the symmetric molecules and an-
ather one followed by the asymmetnc molemiles. Therefore, we can
write:

Initiation

d[EG]
— = ~Toe (1)

Asymmetrc propagaton,

dia]

djAy
%:rm—rw—n,n SEECP “dr = Te-vea Tl (12)

EQITEG mole ratlo
Va
L
&
=

T 1
L] n I W an L] L] bl
timaimin

Fig- 13, Ethencylation of kew mabecu Lo wesight starts, tha is, ethylene ghyaol and tetra-sthylenes ghyenl, Repriniesd with permeics on from |10 | Copyright [2002) American Chemdal Society.
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Symmetric pmopagation
iy
i PO d[s3] djSa] a5y
; P S =TETTR e =TTy e oo
ﬂ;:;'j A Fia = fg- =T np=Ta (13)
—
g, PO ‘_\-i;-ﬁh"‘i with:
et :M 2
e | PO PO [ e rop = kep[EG K*[PO] = ka5, K*] PO] (14)
i) i v E t:
s A i = ki | A K| PO] 1w = bu[AS K7 [PO]
3 e 3
o)
ry (PO /?0 Lo Fropylene axide consumption:
g l 0 ) N i
diPO/S) V.
54 Iy Ay Ld: J:g’qu,-rr‘,,.—r;M+E,_1___.:r# + T + Ty )| [15)

E( = HOCHCH;0H
3 H]
A = HOCHCHyO{CHyCHO ). CHyCHOH
Hs Hy CHy Hy
Si= HOCHCH,O(CHEH,O)CHICH,0(CHCHO) L0 HCHON

Fig. 1% Ethylene ghya propoxylation reactian scheme. Reprinied with permissan from
110} Copyright [2002) Amenan Themacal Saciety.

D pitethis apparent complexity, the necessary kinetic constants
ata giventemperature are only two: ke, and kg, The best kineticpa-
rameters, determined by regression on the experimental data, are
reported in Table 6 In the same t@able are also reported the proton
transfer equilibrium constants, Ka can be assumed equal to 2Kz
considering that the symmetric propoxylated spedes have bwo sec-
ondary hydroxyl groups. Therefore, we need just 2 equilibrium pa-
rameters K,y and K.

In Ag. 16 an Arrhenius type plot related to the kinetic constants of
ethylene gycol propoxylation is reported, In the sme plot are alsore-
parted the kinetic constant respectively obtained for the reaction of pro-
pylene oxide with respectively 1-and 2-octanol, As it can be seen, also
in this case the kinetic constants have comparable values confirming
that the activity is strangly affected by the type of hyd roxyls but poorly
by the cham length

Table &
et fittineg Jein et paamseters found for the propocylagan of ethylene ghyo] 10, Ethoxylation—Propoxdation Reactors
¥meic cmstant inA AF
-l In Fig. 17, thesimplified schemes of the reactors most used in indus-
Ly WH+ 18 7782 + 1628 try in palyalkoxylation processes are reported | 18] The firstthree are
Ly, 313+ 32 2474 1046 the schemes of Semibatch Stirred Tank Readors (S5TR) mainly
Ky 06-08 employed for small-scale productions. As it can be seen, the three
Ko 5 B340 schemes differ only for the adopted heat exchange system. The 4th
Ka =2ke oA-0g one, Venturi Loop Reactor {or Buss reactar), was bom as hydrogenation
n
.k
10 L .
o 1-pctanol intiation kinetic constant of
LR propoxylation (Di Sero ef al 1996)
< 1-octanol and 2-octancl propagation
8 kinetic constants (Di Serio ef al 1996)
7 o~ .
)
e
£ ;.
-
<]
L
LE
1 a
34
¥ L] L) L] ¥ L] ¥
00023 00024 00025 00026 00027 00028 D002
T K

Fig- 16 Am henius type plot of ethylene ghyool propoxd 2k . Repd ntad with permeesian from [10 | Copyright (2002) Americn Chemial Sodety.
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Semibatch Stirred Tank Reactors (S5TR)

AD

&

i
=

Semibateh Stirred Tank Reactors

Venturi Loop Reactor (VLR)

Spray Tower Loop Reactor (STLR)

Hybrid Spray-Venturi
Loop Reactor (HSV LK)

2
2

Fg 17 Simplifier] schemes of the readbars mest ased in indistry m polvalbooglafion procsses 18],

reactor, in which hydrogen gaswas sucked by the Venturi tube. It has
been then adapted toalkaxylation, but BO and PO are sucked as liquid
into the Venturi tube and there vaporize with an exceptional increase
ofvolume. This gas is pressurized into the mixer and gives place toa
high gas-liquid interface area insde the reactor, Therefore, this reacdor
can be considered as a well-mixed sas—liquid reactor and treated with
maodels similar to the already seen isothermal laboratory reactors | 15)
The only problem of this reactor is the project of the Venburi tube suit-
able for this specific applicatdon (1G],

n all the described reactors, for favoring EO or PO mass transfer, the
gas i bubbled mto the liguid phase. On the contrary., the Spray Tower
Loop Reactors {or Pressindustria-Scientific Design reactors ) are singu-
lar, because in these reactors the liquid is sprayed in an atrnos phere of
gaseous EO or PO, that is, the liguid is the dispersed phase | 17-20), Re-
cently, Desmet-Ballestra launched a Hybrid Spray-Venturi Loop Reactor
that coupled the advantages of the Venturi Loop Reactor with those of
the Spray Tower Loop Reactor.

11. Modeling of the Spray Tower Loop Reactor (STLR)

In Fg. 18,a Spay Tower Loop Readtor is sketched There are two
distinct zones of the reactor: the mass transfer zone and the

reaction zone. In the mass transfer zone, the gaseous reagent dif-
fuses into the fine droplets emerging from the spray nozzles.
Then, the droplets, more or less saturated with EO or PO, arrive
on the top of the liquid pool and start to react. Passing from the
top to the bottom of the hguid phase bulk the EQO/PO concentration
is reduced as a consequence of the reaction according to a Plug
Flow pattern. In the meantime, the temperature increases from
the top to the bottom due to the reaction heat released. Passing
the liguid phase through the external heat exchanger the desired
reaction temperatum is restored. In optimal conditions, the drop-
lets are completely satrated and contain EQ or PO corresponding
ta their solubility at the reaction temperature.

The saturation level of the drops can be evaluated with a rigorous
approach to @loulate the average alkylene oxdde concentration Cﬂn at
the end of the drop flight by solving the following differential
equation:

dGas
di

=k (G —Caol 116)

where t corres ponds to flight ime of the drops going from 0 to the
average light ime ty, To make the integration we have to know:
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Modeling Spray Tower Loop Reactor ‘megration of the mass
e ¥ Wgeitous sppraach fransfer squation along the
Profieifera .-—i:, Gasecis Reageat (GR) Ao Mght piths
Nevkeed |~ — — Zono of .
“M T 1 v - IH;' Ny g 'trnﬂ“l:m ﬂ%m - h.ﬂn.'r;a Cm |
F] 1 ia gy T y F
* Asiuime complate diop
hirwnu.mﬂn::n;ﬁ ion and fior i
Py ! "\\" - effeclency
dcy, dnr’
e
- dz o,
- x dt'r.‘."‘_'i] o it Xm
dr iz
@ a 1a Plug Tlow mods]
Integration aleng the Hquid
Dazp column axiz. [prevdo-steady
L. ] Ewolution with time stabe approwimation)
of GR concartration

[Fig. 14 Thexcheme of 2 Spray Loop Rexor with the magnificaton of the spraed iguid drop.

(i) the equilibrium solubility of AD [Cig J: (i} the average specific
surface of the drops (@, ), [iii] the average Hight time (f, b (iv)
the average liguid side mass transfer coefficient (k) and (v) the
AD concentration in the recirculated sprayed liquid entering into
the spray nozzle (Chh). The parameter ky, and a,, are estimated
with the methods described later in the text. The EO consumption
during the absorption into the drops is negligible because the fAight
time isvery small if compared with the residence time of the liquid
poal.

The drops more ar less saturated with AD, fall on the liquid surface
forming a layer that begins to react and moves towand the bottom of the
reactor. The AD concentration along the guid column can be caleulared
together with the temperature profile, by assuming the approcmation
of a plug-flow behavior and by integrating the equation of mass and
heat balance from the top of the liquid column (2 = 0} to the botom
[z = hi). The assumption of a plug Aow-like behavior is justified by
the observation that the increase of the emperature from the top to
the bottom is in agreement with the extent of AD conversion per pas-
sage and by the observation that by increasing the residence time of
the liquid inside the reactor the difference increases. Then, by assuming,
a peeudo steady-state condition for the mentioned profiles, the mass
and the heat balance can be expressd with the following ordinary dif-
ferential equations:

de; 4
‘t{'" =—g ™o (17
diT, G, ) _AHdCw (18)

& TG

Theintegration of this system of equations can be made by consider
ing the liquid cohumn divided into Nwertcal slides that are integrated as
standalone reactors keeping boundary conditions between them. This
procedumne of discretization is wseful for inoeasing the accuracy of the
calculations, The advantage is that the integration duration to have
the new concentration and temperature profile is N Gme lower. In par-
ticular, also the gas-phas behavior can be updated after a time equal to
I/N the value of the residence time. This feature has shown mprove-
ment especially during fast ransients and instability condition smula-
tion Mormally values of N = 10 or 20 are epough for obtaining
satisfactory resulis

For waorking mn optimal conditions it is necessary:

1) To know for a given spray nozzle how East is the EO/PO mass transfer
rate, that is, what is the degree of saturation of the droplets falling on
the liguid column

2} Toevaluate the optimal residence time of the liquid nside the reac-
‘tor on the basis of the conversion per pass.
3) To know what is the trmperature profile inside the liquid column

As we have no information about the performances of the in-line
spray nozzles, we have studied this specfic problem for answering to
the question: how much saturated are the drops falling on the liquid
oolumn? For studying all these aspects a spray tower loop laboratory re-
actor schemed in Fig, 19 have been developed. As it can be seen, in the
reactor there is only one spray nozzle mserted in a cylindrical mactar
of well-known geometry. A recirculation pump and a beat exchanger
allow control over the reaction bem perature

This reactor has been employed for studying and comparing:

(i} the absomption of 0k in an allkaline solotion
(i} theabsorption ofethylenemdde m dodecanol containing KOH as
catalyst

The scope is to compare the rates of these two reactions whaose ki-
netics are quite different but well-known, to establizh the pedormance
af the spray nozzle in saturating the dmoplets. The reaction of 005 isan
extremely fast reaction, normally ocourning inside the boundary liquid
fitm and charactenzed by the presence of an ephancement facor
greater than one, while polyethoxylation © a relatively slow reaction,
occurring in the quid bulk, which enhancement factor & equal to
about 1, We have experimentally determined, first of all, the droplets
size distribution by employing a Laser Scattering technigue and feeding
water at the spray nozzle (see Fig. 20 In this way, we evaluated the
Sauter Mean Diameter of the dmops.

The Sauter mean diameter obtained by using water was then
comected for obtaining the corresponding valoe for the starter
dodecanol, then from the Sauter diameter we determined the spedific
surface area and hence the overall surface area of the flying drops.
Then, we ecamined the geometry of the system |17.20] to evaluate
both the average flight ime and the average path kength of the drops
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Fig. 19, Scheme of 2 Laboraiony Spray Tower Loop Rescior. Reprinied with permiission foom ] 19) Copyright (2000) Americn Chemical Society.

before the impact on the quid surface oron thewalls of the reactor {see

Fig. 21).

1247

considenng both the effect of the gravity and that of a friction coefficient

Cpy function of the Reynolds number. v, is the initial drops velogity cor-
The motion of the drops had been considered uniformly accelerated responding to:
with a speed determined by integating the following equation:

{19} Vu—%vl—

:] Dyy=1363 pm
- -
i:
Diz= ) mdl/ Y wit T
Dy @88 g A 02 Ll 03
3‘?;‘:.':.“" cn“):,.: ={ﬁ} (ﬁ) (T)

Surface area of drops ¥ m d? 6
e = = =—
Volume of drops gEl“u 2 D

a2

Overall surface area
of the fiying drops

y = dm itim

(20

Fig 20 Desermimation af drop siwe d & tribugon with a Laser Safenng Technique and evahation of the averape Sauter dizmeter d ., Reprinied with permiss son from | 19] Copyrghi (2004)
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Axsuming the same
probability far all the

Geometry of the flying drops system
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possblediop paths;

10g:e1C0] = 1355 — 00S lag, o (He) + 0017 [lag, o (Re) | |
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Bkl Gonditon | €m0 xm D p=y, =g

oy,

FIETP

#
.

’
4= Pressure drop scross the spray nole

R

Bistance of bguid lewel
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Path |:. th Anghe of drops cong
b Reactor diameter

Fig. X1 Deermimaiyxm af the AveragePah Length of the dmops an the bess of geomeincal aspects. Reprmisd with permission fom | 20] Copynghit | 3005) Amen an Chemcd Sociey.

The length of the path has been calculated on the basis of geometri-
cal aspects as the distance of the liquid level the angle @ of the spray
cone of drops and the reactor diameter.

The problem of a gas diffusion in a spherical drop has already been
treated in the htermature: one case considering the drop internally
weell-mixed {21 ], and another case considering thedropinternally stag-
nant |2223]. The mathematical description is summarized in Fig 22

Baoth the proposed models have been tested to descnbe respectively
the absomption of 00 in water and in an alkaline solution and the ad-
sorption of EQin dodecanol + KOH catalyst In Fig. 23 some results ob-
tained for the physical absorption of 005 in water are reported. In the
firgt plot are shown somecaloulations to evaluate how the drop satura-
tHon ocours along the time by respedively assuming that the drop is ei-
ther well-moced or stagnant In the same plot, & reported also an
estimation of the drop speed during their flighl. As can be seen, the
drop life & of the order of some milliseconds. In the second plots, the
simulations of two performed experimental run as examples, As is

seen the simulation is satisfactory if we consider the drops internally
well-mixed, while the agreement for the stagnant maodel is poor. Incon-
clusion, the drops emerging from the spray nozzles are internally
turbulent.

Let us consder now the behavior of 00z absomption in a sprayed al-
kaline solution. As previously mentioned, the reaction of CO with NaDH
solution has been largely studied by many different researchers | 23—
251 but nobody studied this reaction in a spray tower loop reactor
The 00y absorptonin this caseis theconsequence of the twao extremely
fast reations:

L
COy ¢ OH —e  HODT

i S Rractionrmie T = R [OHTIC0,)
O+ HCOy' —— OO0y #1:0
(2}

Well mixed drop [see ref. (21}]

Sh= 065y A (We '  (Re)'®
1
0,16 Pon ¢ K }% vl ’[wﬂ'uJTsF
B4z (PDaa @ ) &

k=

Diffusion in stagnant drop [seelef, (22,23]]

9tk o a*c{',,4 2805,
F Tl W I T
oy 6w 1 ( 41?.“!12:121“,,}
el F;F““ A
Dy ( ) Bmtin
i = | —e—
N Lim Dy

Gaseous fim 7 T -
o | Liuid diffusien zone
[ __— Reaction
e plang
Peo, C hints

The model is the same for the shsorption of both EO in
thi starter and C0, in an alkaling water solation,

Liguid turbulent 2ooe

hssssssssjassnsnaatay

:

Fig. 22 The probiem af gas diffuxiom in 2 sphenial drop and the sahaions in the liteoture.
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Fg 23 Kanetios af physical absarpbon o f 00 m water (omparrson of the madels with d o s stagnani and ineemally well-mixed, Reprintsd wath permasson from | 149] Copyrght [2000)

Americn Chemic] Socisty.

The kinetic law for the overall absorption s of the second order,
while themas imnsker rate can be expresed as reported n the fol low-
ing expresgon containing the enhancement factor E;

djoH
IO b opac, @2)

In Fg. 24 the collected experimental points and the caloulated simu-
lation line by asuming the dmops well-mixed are repored. [n the same
plot for comparison isalso reported the physical absorption of COy in
water, thatis, absorption in the absence of the reaction.

! Absorption of CO, in water

.o 4
" T
T ™
. Abserption of CO,
g 841 in alkaline solution
EH—
024+ Expermontal dala 2o
-
04+ E=3.04041C, N2C,, ) N
cee- B0
oo B : I
> 160 0 - “

Time/s

Fig M Kinetics af (T atmorpiion im an 2l ine sohution. Reprinted with permissian fom
119] Copyeight | 2000) Americn Chemic] Soriety.

As itcan be seen, the effect of the reaction on the masstrans er rate is
dramatic. For describing correctly the experimental curves we have in-
troduced an enhancement factor comelation that is a function of both
the alkalinity of the solution and of the 00, solubility:

_aopfBH Y _ OH"}
E_ATB(zc‘m]_MTD'“(zc‘m] )

For physical absorption in water E = 1.

Some ethoxylation runs have been performed ina Pilot Spray Tower
Loop Reactor by using dodecanol and nonylphenol respectively as
starters. The mns, reported in Fg. 25 have been nterpreted with the al-
ready described kinetic model by using the parameters found asthe best
for these reactions. Again we have considersd the dmops either well-
mixed or stagnant, As it can be seen, the best agreement has been ob-
tained by considering the drops internally well miced in both cases, In
the same slide are also reported, as ecample, the simulations of the evo-
lution af the EQ pressure in the reactor and of the temperatue mea-
sured at the bottom of the liquid column As can be seen, the
agreement of the kinetic model is excellent

Thesame kinetic model has then been used also forsimulating anin-
dustrial reactor running. The reaction in ndustrial reactors is character-
ized by three different perods that we can call: (1) Peaking; (2)
Reacting and (3 ) Cooking. Peaking corresponds to the feeding of a
small pulse of EO and has the scope to check the functionality of the re-
actor, As a matter of fact during the peaking [ C8: Which is correct:
peaking, or picking?) period the pressure increses after the EO pulse
addition and then decreases as a consequence of the ED reaction.
Then, EO is fed with a constant flow rate unti] the amount of the corpe-
sponding number of adducts desired is reached. At this point starts the
cooking period in which all the B0 accumulated in the reactor must be
climinated by the maction. All the mentioned operations have been suc-
cessfully simulated with the described model and also the tempera-
tures, measured at the bottom of the liquid column, are well-fitted,
oo, A comect simulation of the EQ concentration respectively at the
head and at the bottom of the liguid column is very important for safiety
purpose having the scope to estimate what is the accumulation of eth-
ylene axide inside the neactor.

12. Conclusions

The kinetics of ethoxylation and propoxgdaton have been studied by
using many different starters. Ethaxylation and propogylation have
been dassfied & relatvely slow gas-ligquid reactions with a Hatta Mum-
ber = 1. As a consequence, the two films theary can be applied for
interpreting mass transfer rates. Ventun Loop Reactors (VLR} are char-
acterized by a dispersion of the gas [ ED and/or PO} into the liquid and
mass transfer ocours together with the maction The kinetic behavior
of this reactor is similar to the one of welkmxed semibatch reactors,
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Ethoxylation run in a STLR pilot plant. Starter C12-C14 fatty alcohol mixture Ethoylation run in a STLR pilot plant. Starter nonyl phenol
(15 kg of storter, 25 g of KOH 7= 160°C Ay, = 6x10° Pa P, =3#10' Pa|  [15kg of starter, 15 g of NaOH T 170°C Py = 5¥10'Pa £, +0.2x10°Pa
T
n 2~ ] # Expanmenial data
- Wl mooed dean
=8 3 r- ] SR LIEL Siagnant tiop
3 T T
£ g & n / Lasers
5 .
g 8
F ) E -__.'
S Expatimortal data Ew ;
¥ Wl minad deop 5 . e
Stagnant drop -
# [ o E] w ] " [THT ]
. Time/min
1 ————— % ) f:\J’L\—L
! 4 Simulation of the owerall £ // s ls:qr:m::ﬂ:: b-nm“"
¥ = pressure n the resctar w| oo T 8
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Fig 25 Simulatinn of 2 Pilot Spray Tower Loop Rearwor by using 2 mixture of £ty akcohol and in alermative nomvlphenol 25 staters The modd and the kinstic poramees aretheomes
previously refaried in this weor k To asume the diops imtemally well stirmed gives the best simuobition resubis. Modified from {1 9} Copyright [ 2000) Amer an Chemic] Sodety { 1atm=
101 325 kPa).

A figorous mathematical model has been developed to simulate the I Constant rate of initiation, ar® - mol ™ s
Spray Tower Loop Reactors for determining: ke Jam = Average mass transer gas-liquid coeffident, ames—!
) ; ) k, Constant rate of propagtion, on® mol~ ' s
(1) Thedegueel of satnratinn of Biadings; : : Aag Average number of alkylene oxide units for starter molecule
[ii} The amount of reactbon occurring insde the guid column; R
ER M Murmiber of drops with diameter d;
(iii} The change of temperature along the liquid column. P Total oo MPa
P AL vapor pressure
Liquid re-circulation rate, cn® 51
The madel has shown that withefficient spray nozzles the drops are g un ok Nurmber {Dave /i)
completely saturated at the end of their Hight This allows to greatly [RXEF|  inifisl starter concentration, malcm—2
simplifythe mathermatical model. Thedeveloped model has a more gen- [RXH]  Starer concentration, mol cm— 3
eral use because can be applied also to the modeling of spray tower [RX~ M| Concentration of the ionic form of the starter, mal -cm—
S |RX{AO}H] Oligomer concentration with i adducts of A0 in the chain,
mal-an—?
Nomendature |R¥{AD ) M| Concentration of the jonic form of the oligomer con-
Ay Pre-cxponential  fadtor  of the initatdon macton, centration with i adductsofAD in the chain mol-cn #

emtmal s

PFeactor radius, cm

| A0y Concentration of the alkylene oxide in the liguid phase, Mo Rate of substrate consumption in spray tower kbop reactor,
maol-cm~—* mal -cm 5!

A Pre-exponential factor of the propagation reaction, I Rate of oligomer " formaton or wnsumption,
e mal s mal-em~ - 5~!

oy or @ Average specificintedadal surface area of dops, emfem™3 Rate of substrate consumption in semibatch conditions,

1 Total interfacial surface amea of flying drops, cm* mal-em 5!

o Catalyst concentration, mol-cm 3 S Schmidt Number (Wi D, )

Can Bulk AQ concentration, mal -am > Sh Sherwood Number [k Dy/ Dy )

G Interface  gas-liquid equilibrium AQ concentration, T Temperature, K
maol-cm—* t Time, s

[+ Friction coefficent Ly Average Mighttime, s

C::g’ Eﬂzcurl:mtriiclnatﬂ'ngasﬁqui!intu'fa.czmul-crn'!' W Liquid wolume, an®

G Liquid specific heat,J-g— 1 -C 1 v Drops velocity, cm-s |

Dy EO diffusion coefficent, en -5~ ! ™ Initial dmps velodty, cm-s—'

Dsy Sauter diameter, cm We Weber Number (vip Dybo)

d; Diameter of 1 fracion drops, cm x Aying pathway, cm

E Enhancement factor Xao AD liquid phase molar fraction

z Grvity acceleration, o’ -5~ S Average path of sprayed drops, cm

I Gas-liquid mass transter rate, mol -cm— 5! Vars AD gas phase molar fraction

K, Equilibrium congants of the proton exchange reaction z Spray tower loop reactor length, cm
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@ Spray cone width angle

P ki = Overall gas liquid mass mansker codffident, s
Yao AD activity coefficient in liquid phase

AH Reaction enthalpy change, k- mol=!

AF, Activation energy of the initiation reaction, kj-maol—*
AEy Activation energy of the propagation reaction, k]-mal ~!
AP Pressure drop of the liquid through the nozzle, MPa
e Gas viscosity, Pa-s—!

iy Liguid viscosty, g-om—

paorm  Liguid density, g-om —*

P Gasdengty

o Surface tension, g5~ %

o] Spry efficency factor [dimensionless)
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