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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 I 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 II 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 I 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 II 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 II 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. 
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Part I- 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, Iengo, 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) 
 

 

 
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). 
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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). 
 

                 Scheme 1-3 
 
The C—O—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 mJ). 
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 



5 
 

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 
kJ/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 

 
(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 

 

 
Ethylene Oxide Propilne 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, kJ/kg 117.5 112.6 

Heat of solution in water at 25°C,  kJ/kg  -143 -45 

Heat of formation of the ideal gas (25°C), kJ/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 



6 
 

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 oxide1 are (Long Term Exposition) DMEL2 = 1.8 mg/m³ and 
(Acute/Short Term exposition) DNEL3 = 10 mg/m³, in the case of propylene oxide4 
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/m³   and (Acute/Long Term Exposition) DNEL = 170 mg/m³. 
 
 

Tab. 1.1-2 Info card ECHA (Last updated: 19/04/2021) of ethylene oxide5 
 

 
Danger! According to the harmonised classification and 
labelling (ATP14) approved by the European Union, this 
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) 



7 
 

Tab. 1.1-3 Info card ECHA propylene oxide (Methyloxirane)6 
 

 
 
 
 
 
 

 
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) 
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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 H2O 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

R2

+H+    

R2= H, CH3- 

O

R2

H+    

O

R2

H+    

OH2 +
- H+    

OH

R2

CH2 CH OH

 
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) 

 

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)  

 

 

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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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 (Müller et al., 2020; SIROVSKI et al., 2006). 

 

                           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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Fig. 2.2-1. Oligomer distribution in ethoxylation of dodecanol using different catalysts (Al(OR3)/H2SO4 

(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 (EO/S°=7). 

 

 

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  

 

𝑅𝑋𝐻 
ା஺ை,௞బ
ሱ⎯⎯⎯ሮ 𝑅𝑋(𝐴𝑂)ଵ𝐻

ା஺ை,௞భ
ሱ⎯⎯⎯ሮ 𝑅𝑋(𝐴𝑂)ଶ𝐻

ା஺ை,௞మ
ሱ⎯⎯⎯ሮ … … .

ା஺ை,௞೙షభ
ሱ⎯⎯⎯⎯⎯ሮ 𝑅𝑋(𝐴𝑂)௡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). 

 

𝑥௜ =
௡ೃ೉(ಲೀ)೔ಹ

௡ೄబ
= 𝑒ି௩ ௩೔

௜！
          (2.2-1) 

 

Where,  

xi = molar fractions of the oligomer i,  

nRX(AO)iH,= mol of oligomer i 

nS° = 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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Fig. 2.2-3. Oligomer distribution in ethoxylation of C12-C14 alcohol (EO/S°= 2.7) catalyzed by Mg/Al 
catalyst (Li et al., 2021). 

 

𝑥௜ =
௖೔షభ

(௖ିଵ)೔ ቄ𝑥଴ − 𝑥଴
௖ ∑

ଵ

௝!

௜ିଵ
௝ୀ଴ [(𝑐 − 1)𝑙𝑛𝑥଴]௝ቅ    (2.2-2) 

 

where 

𝑐 =
௩ା௫బିଵ

௫బି௟௡௫బିଵ
       (2.2-3) 

 

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) 

𝑥௜ = (−1)௜ ∏ 𝑐௝
௜ିଵ
௝ୀଵ ∑ 𝑥଴

௖ೕ௜
௝ୀ଴ ቈ∏ (𝑐௝ − 𝑐௞)௜

௞ୀ଴
௞ஷ௝

቉

ିଵ

    (2.2-4) 

where ci is 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. 

 

 

 

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



16 
 

 

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:  

Scheme 2.3-1 

Where A is H+ or the active species of a Lewis acid catalyst, as example SbCl5. 
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Generally, with the acid catalysts the mechanism is intermediate between SN1 and 
SN2; the order of the mechanism depends on catalyst, reaction condition and 
substrates (steric effect, electronic effect, etc.)(Santacesaria, Iengo, 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 
c 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 
SnCl4 as catalyst c is 1.2 (Baker & Thompson, 1967).  In fig. 2.3-2 the calculated 
oligomer distribution is reported for comparison when v = EO/S°= 1.0. 

 

 

Fig. 2.3-1. Oligomer distribution in ethoxylation of hexyl alcohol (EO/S°= 4.04) catalyzed by SbCl5 
(Schachat & Greenwald, 1967). 
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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 SnCl4) using the c 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 EO/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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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, 
Iengo, 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 
(Al3+, Cr3+, Fe3+, Mn3+, Sn2+, Ti4+, Zn2+, Zr3+) 

(Ploog, 1988b) 

Al(i-OPr)3 + H2SO4 (Edwards 1987; Di Serio, Iengo, 
et al. 1996) 

Al(i-OPr)3 + H3PO4 (Edwards, 1988) 
Al alkoxide + H2SO4 + catalytic amount of water (Edwards, 1989) 
Al alkoxide + citric or tartaric acid (Behler et al., 1994) 
Ti(OR)4 or Zr(OR)4 + H2SO4 (Ploog 1988a; Di Serio et al. 

1998) 
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The kinetics and reaction mechanism of Al(CH3(CH2)11O)3 + H2SO4 Catalyst was deeply 
studied (Di Serio, Iengo, 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(CH2)11O)3 alone, see fig. 2.3-3. 

IR and 27Al-NMR characterization indicated that in solution is bridging bidentate 
coordinated sulphate species are predominant. 

 

 

 

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). 

 

Fig. 2.3-3. Ethoxylation of dodecanol acid at 150 °C and 2 atm in the presence of aluminum alkoxide 
(Al(OR)3) or aluminum alkoxide sulphate catalyst (Al(OR)3/H2SO4 = 1/1). Cat= 1.5% mol. (DiSerio, Iengo, 
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.  

 

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). 



22 
 

 

Fig. 2.3-4. Oligomer distribution in ethoxylation of dodecanol (EO/S°=2.5) with two different catalysts 
(KOH and Al(OR)3/H2SO4 = 1/1) (Di Serio, Iengo, et al. 1996). 

 

It has been demonstrated that also double metal cyanide (DMC) catalysts 
(M¹x[M²(CN)₆]yL (M¹ = Zn²⁺, Fe²⁺ or Ni²⁺, M2 = Fe³⁺ or Co³⁺, L = H₂O, F⁻, Cl⁻, 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 
(gEO/(gcatgsub 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 EO/S° = 4.5 (Janik & Chruściel, 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 EO/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). 

 

 

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

                                              

 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: 

 

Scheme 2.4-2 

Then the propagation reactions are possible: 
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Scheme 2.4-3 

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

𝑟௜ = 𝑘௜[𝑅𝑋(𝐸𝑂)௜
ି𝑀ା][𝐸𝑂]  (Eq. 2.4-1) 

 

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

 

Scheme 2.4-4 

And the following general equilibrium equation can be written: 

𝐾௘௜ =
[ோ௑ு]ൣோ௑(ாை)೔

షெశ൧

[ோ௑షெశ][ோ௑(ாை)೔ு]
    (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 Kei, 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 (k0= k1=…=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, PEO= 4 atm, KOH= 1% 
by mol) (Santacesaria et al. 1990; Di Serio, di Martino, and Santacesaria 1994; Santacesaria et al. 
1992a). 

 

 

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 (k1= k2=…=ki=…= kp and Ke1= Ke2=…=Kei=…= Ke) the parameter 
c of Weibul-Nicander equation is given by the following equation: 

𝑐 =
௞బ

௞೛
𝐾௘                     (Eq. 2.4-3) 

In the case of dodecanol k0=kp and 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): 

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) 

 

 

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). 
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In the case of barium, has been demonstrated that the equilibrium constants of 
scheme 2.4-5 are different until the 4th oligomer ( Ke1 Ke2 Ke3   Ke4 = Ke5=….. Ke) 
(Santacesaria et al., 1992b). The first constant (Ke1)has about the same value as for 
potassium, then we have decreasing values until Ke4 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).  

 

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: 

 

 

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 (k0 < 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, PEO= 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 (Ke < 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 EO/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 (k0 << 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. 
 

 
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: 

 
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 
 

 
 
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 N2 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-1) 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 (Desbène et al., 1987) and analyzed by the HPLC technique. 
The elution gradient technique was used (solvent A (99/1 (v/v) = n-heptane/CH2Cl2-
2-propanol (95/5)), solvent B (50/50 (v/v) = n-heptane/CH2Cl2-2-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 µL portion of solution (0.03 g of the reaction 
sample dissolved in 4 cm3 CHCl3) was injected onto a 25 m × 0.32 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): 

 

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 (δ) 62.4 ppm and secondary alcohol (δ) 66.0 
ppm of samples dissolved in CDCl3. 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 13C 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 13C 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. 13C NMR spectra of sample obtained in propoxylation of 1-octanol. 

 

 

 



37 
 

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 (AO) can be calculated with the method proposed by 
Yen and Woods (Yen & Woods, 1966) using the critical parameters (zc critical 
compressibility factor, critical density, Tc critical temperature (K)) reported in Table 
1.1-1: 

ఘಲೀ

ఘ೎
= 1 + 𝐴 ቀ1 −

்

೎்
ቁ

భ

య
+ 𝐵 ቀ1 −

்

೎்
ቁ

మ

య
+ 𝐶 ቀ1 −

்

೎்
ቁ

ర

య                         (Eq. 3.1-1) 

   

𝐴 = 17.4425 − 214.578𝑧௖ + 989.625𝑧௖
ଶ − 1522.06𝑧௖

ଷ                       

𝐵 = −3.28257 + 13.6377𝑧௖ + 107.4844𝑧௖
ଶ − 384.211𝑧௖

ଷ  

𝐶 = 60.209 − 402.063𝑧௖ + 501.0𝑧௖
ଶ + 641𝑧௖

ଷ  

 

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: 

𝑉ோ = 𝑉 + 𝑉௅         (Eq. 3.1-2) 

𝑉௅ = 𝑉஺ை௅ + 𝑉ௌ                    (Eq. 3.1-3) 

𝑉 = 𝑛஺ைீ
ோ்

௉ಲೀ
        (Eq. 3.1-4) 

𝑉஺ை௅ = 𝑛஺ை௅
௉ெಲೀ

ఘಲೀ
        (Eq. 3.1-5) 
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𝑉ௌ௅ =
ௐೄ

ఘೄ
         (Eq. 3.1-6) 

ௐಲೀ

௉ெಲೀ
= 𝑛஺ைீ + 𝑛஺ை௅       (Eq. 3.1-7) 

                         

𝑛஺ை௅ =
௏ೃି

ೈಲೀ
ುಾಲೀ

ೃ೅

ುಲೀ
ି

ೈೄ
ഐೄ

൬
ುಾಲೀ

ഐಲೀ
ି

ೃ೅

ುಲೀ
൰

      (Eq. 3.1-8) 

𝑛ௌ =
ௐೄ

௉ெೄ
              (Eq. 3.1-9) 

𝑥஺ை =
௡ಲೀಽ

௡ಲೀಽା௡ೄ
                  (Eq. 3.1-10) 

[𝐴𝑂] =
௡ಲೀಽ

௏ಽ
                    (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: 

𝜌ௌ(
௚

௖௠య
) = 𝐴 + 𝐵

஺ைೃ

ௌ°
+ 𝐶 ቀ

஺ைೃ

ௌ°
ቁ

ଶ

+ 𝐷 ቀ
஺ைೃ

ௌ°
ቁ

ଷ

+ 𝐸𝜗                        (Eq. 3.2-1) 

 

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/cm3) 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 AOR/S° 
max 

Dodecanol EO 0.860 2.50 x 10-2 -4.76 x 10-4 -2.59 x 10-5 -7.7 x 10-4 15 
1-Octanol EO 0.860 0.07 - - -9.0 x 10-4 1 
1-Octanol PO 0.860 0.05 - - -9.0 x 10-4 1 
2-Octanol EO 0.826 0.14 - - -7.0 x 10-4 1 
2-Octanol PO 0.826 0.06 - - -7.0 x 10-4 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. 

𝑙𝑛𝐾 = 6.544 − 0.13774
ாைೃ

ௌ°
+ 7.6328 10ିଷ ቀ

ாைೃ

ௌ°
ቁ

ଶ
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ாைೃ

ௌ°
ቁ

ଷ

+
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ೄ°

்
              (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. 

 

 

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 AO in liquid phase and consequently the equilibrium alkylene 
oxide liquid concentration using the following relation: 

                                                       𝑥஺ை =
௉ಲೀ

ఊಲೀ௉ಲೀ
బ                                (Eq. 3.2-3) 
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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: (O) 0, ( ◇)2.1, (△) 4.3, (□) 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): 

 

𝑃ாை
଴ (𝑎𝑡𝑚) =

௘
భల.ళరష 
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଻଺଴
                             (Eq. 3.2-4) 
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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 
(AOR/S°). The NRTL equation for a binary system can be written as follows: 

 

𝑙𝑛𝛾஺ை = 𝑥ௌ
ଶ ቈΓௌ,஺ை ൬

௘షబ.య౳ಲబ,ೄ
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൰

ଶ
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మ቉       (Eq. 3.2-6) 

Γ஺଴,ௌ = 𝐴஺ை,ௌ + 𝐵஺ை,ௌ
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Γௌ,஺ை = 𝐴ௌ,஺ை + 𝐵ௌ,஺ை
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                                        (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):  

Γாை,ௌ = 3.713 −  0.3387
ாைೃ

ௌ°
− 0.01748 ቀ

ாைೃ

ௌ°
ቁ

ଶ

                              (Eq. 3.2-9) 

Γௌ,ாை = −2.394 − 1.453
ாைೃ

ௌ°
− 0.00380 ቀ

ாைೃ

ௌ°
ቁ

ଶ

                               (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. 
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The Wilson equations for calculating the AO activity coefficient is the following: 

𝑙𝑛𝛾஺ை = −𝑙𝑛൫𝑥஺ை + 𝑥ௌΛ஺ை,ௌ൯ + 𝑥ௌ ൤
ஃಲೀ,ೄ

௫ಲೀା௫ೄஃಲೀ,ೄ
−

ஃೄ,ಲೀ

௫ಲೀஃೄ,ಲೀା௫ೄ
൨            (Eq. 3.2-11) 

Where parameters A0,S and S,AO are linked with the molecular weight of substrate 
trough the following equations 

Λ஺଴,ௌ = 𝐴஺ை,ௌ + 𝐵஺ை,ௌ
஺ைೃ

ௌ°
+ 𝐶஺ை,ௌ ቀ

஺ைೃ

ௌ°
ቁ

ଶ

                                                (Eq. 3.2-12) 

Λௌ,஺ை = 𝐴ௌ,஺ை + 𝐵ௌ,஺ை
ாைೃ

ௌ°
+ 𝐶ௌ,஺ை ቀ

஺ைೃ

ௌ°
ቁ

ଶ

                                               (Eq. 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  

Λாை,ௌ = 13.00 −  0.9611
ாைೃ

ௌ°
− 0.01967 ቀ

ாைೃ

ௌ°
ቁ

ଶ

                                       (Eq. 3.2-14) 

Λௌ,ாை = −0.4069 + 0.04714
ாைೃ

ௌ°
− 0.001340 ቀ

ாைೃ

ௌ°
ቁ

ଶ

                               (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 (Eqs, 3.2-12, 3.2-15, 3.2-15). Reprinted 
with permission from (DiSerio et al., 1995) . Copyright 1995 American Chemical Society. 

 
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. 

 
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. 

 

 

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 EO/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 
°C 

Catal.  
% mol 

Pressure 
atm 

Ref 

1 dodecanol EO 106 2.0 2 I 
2 dodecanol EO 128 1.0 2 I 
3 dodecanol EO 128 1.0 1 I 
4 dodecanol EO 100 2.0 2 I 
5 dodecanol EO 68.5 3.0 2 I 
6 1-octanol EO 120 2.0 2 II 
7 2-octanol EO 100 2.0 2 II 
8 2-ocatnol EO 120 2.0 2 II 
9 2-octanol EO 130 2.0 2 II 

10 2-octanol EO 160 2.0 2 II 
11 1-octanol PO 100 2.0 2 II 
12 1-octanol PO 120 2.0 2 II 
13 1-octanol PO 130 2.0 2 II 
14 2-octanol PO 100 2.0 2 II 
15 2-octanol PO 120 2.0 2 II 
16 2-octanol PO 130 2.0 2 II 

 

I (Santacesaria et al., 1992a); II (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 (EO/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 (EO/S) in the 
ethoxylation of 2-octanol (+ run 7, ■ 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, ■ 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, ■ 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:  

ௗ௡ೃೀಹ

ௗ௧
= −𝑟଴     initiation reaction    (Eq.  3.2-16) 

ௗ௡ೃೀ(ಲೀ)భಹ

ௗ௧
= (𝑟଴ − 𝑟ଵ)𝑉௅  

ௗ௡ೃೀ(ಲೀ)మಹ

ௗ௧
= (𝑟ଵ − 𝑟ଶ)𝑉௅  

………………………………………..    propagation reactions (i =1,…) 

(Eq. 3.2-17) 

𝑑𝑛ோை(஺ை)೔ு

𝑑𝑡
= (𝑟௜ିଵ − 𝑟௜)𝑉௅ 

ௗ௡ಲೀೃ

ௗ௧
= 𝑉௅ ∑ 𝑟௜௜     total mol AO reacted   (Eq. 3.2-18) 

𝑉௅ = 𝑉ௌ௅ + 𝑉஺ை௅ ≈ 𝑉ௌ௅ =
ௐ

ೄబା௡ಲೀೃ
௉ெಲೀ

ఘೄಽ
 Liq. Volume    (Eq. 3.2-19) 

 

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

𝑟଴ = 𝑘଴[𝑅𝑂ି𝑀ା][𝐴𝑂]; 𝑟ଵ = 𝑘ଵ[𝑅𝑂(𝐴𝑂)ଵ
ି𝑀ା][𝐴𝑂]; … … . ; 𝑟௜ =

𝑘௜[𝑅𝑂(𝐴𝑂)௜
ି𝑀ା][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= Ke2=…= Kei=..=Ke= K11    
2) Ethoxylation of a secondary alcohol starter: Ke1= Ke2=…= Kei=..=Ke= K21 
3) Propoxylation of a primary alcohol starter: Ke1= Ke2=…= Kei=..=Ke= K12 
4) Propoxylation of a secondary alcohol starter: Ke1= Ke2=…= Kei=..=Ke= K22 

  

And we can write: 

𝐾௘ =
[ோைு]ൣோை(஺ை)೔

షெశ൧

[ோைషெశ][ோை(஺ை)೔ு]
       𝑖 = 1, …    (Eq. 3.2-21) 

 

From Eq. 3.2-6 we have: 

[𝑅𝑂(𝐴𝑂)௜
ି𝑀ା] = 𝐾௘

[ோை(஺ை)೔ு]

[ோைு]
[𝑅𝑂ି𝑀ା]      𝑖 = 1, …          (Eq.3.2-22) 

considering, that: 

𝐵° = ∑ [𝑅𝑂(𝐴𝑂)௜
ି𝑀ା] + [𝑅𝑂ି𝑀ା] =௜ୀଵ,…                                    (Eq. 3.2-23) 

= 𝐾௘

[𝑅𝑂ି𝑀ା]

[𝑅𝑂𝐻]
෍ [𝑅𝑂(𝐴𝑂)௜𝐻]

௜ୀଵ,..

+ [𝑅𝑂ି𝑀ା] = 

=
[𝑅𝑂ି𝑀ା]

[𝑅𝑂𝐻]
൭𝐾௘ ෍ [𝑅𝑂(𝐴𝑂)௜𝐻] + [𝑅𝑂𝐻])

௜ୀଵ,…

൱ 

 
[𝑅𝑂ି𝑀ା] = 𝐵°[𝑅𝑂𝐻]/൫𝐾௘ ∑ [𝑅𝑂(𝐴𝑂)௜𝐻] + [𝑅𝑂𝐻]௜ୀଵ,… ൯       (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: k0= k1= k2=…= ki=..=kp= k11 
2) Ethoxylation of a secondary alcohol starter: k0=k21  k1= k2=…= ki=..=kp= k11 
3) Propoxylation of a primary alcohol starter: k0=k12  k1= k2=…= ki=..=kp= k22 
4) Propoxylation of a secondary alcohol starter: k0= k1= k2=…= ki=..=kp= k22  

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  ln A (cm3 mol-1 s-1) 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. 

 

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 k11/k12 is always >1; on the 
contrary, the ratio between the rate of addition of propylene oxide to a secondary 
alcohol vs. ethylene oxide k22/k21 is always <1.  

 

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), I (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 
quantitatively 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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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 (EO) 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). 

 
 
 

 
 
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 liquid 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 (kla = 0.2-1.5 s-1). 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: 

                                                        
ௗ௡ಶೀ,ಸ

⬚

ௗ௧
= 𝐹ாை − 𝐽ாை𝑉௅                                (4.2-1) 

 
 
where                                   𝐽ாை = 𝑘௟𝑎([𝐸𝑂]଴ − [𝐸𝑂]௕)   (4.2-2) 
 
                              
EO in liquid phase: 

                                              ௗ[ாை]್

ௗ௧
= 𝐽ாை − 𝑅    (4.2-3) 

 
 
where in general 𝑅 = ∑ 𝑘௝[𝑅𝑂(𝐸𝑂)௝

ି𝑀ା][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)   

 
 

 
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:  
 

೙ಶೀ
೙ೃೀಹ°

ௗ௧
= 𝑅

௏ಽ

ோைு°
   (4.2-5) 

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

                            𝑉௅ = ቂ𝑛ோைு°𝜌ௌ
ିଵ ቀ𝑀𝑊ோைு° +

௡ಶೀ

௡ೃೀಹ°
𝑀𝑊ாைቁቃ  (4.2-6) 

 
Also [EO]0 change as function of EO pressure (PEO) and EO repartition constant (HEO,S): 

[𝐸𝑂]଴ =
௉ಶೀ

ுಶೀ,ೄ
    (4.2-7)  

   
 PEO can be determined by considering ideal the gaseous phase:     
 
      𝑃ாை = 𝑛ாை,ீ

ோ்

(௏ೃି௏ಽ)
    (4.2.-8) 

 
S and HEO,S  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: 
 
 

𝑛ேమ,଴ = 𝑛ேమ,ீ +  𝑛ேమ,௅ = 𝑃ேమ,଴ ቀ
௏ೃି௏ಽ

ோ்
ቁ +

௉ಿమ,బ

ுಿమ,ೄ
𝑉௅𝜌ௌ = 𝑃ேమ,଴ ൬

௏ೃି௏ಽ

ோ்
+

௏ಽఘೄ

ுಿమ,ೄ
൰ 

               (4.2-9) 
 
The value of HN2,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 N2 is dissolved 
in the EO.  The mol of Nitrogen added with EO feed can be calculated with the 
following relationship:  
 

ௗ௡ಿమ

ௗ௧
=

ிಶೀெௐಶೀ൫௉ೄ೅ି௉ಶೀ
బ ൯

ுಿమ,ಶೀ
   (4.2 -10) 

 
 
At 298 K, The solubility of nitrogen in ethylene oxide (HN2,EO) is 9.72 .104 bar g mol-1 
and the vapor pressure of EO (P°EO) is 1.74 bar. Consequently, the total pressure in 
the reactor, considering the equation 4.2-8 and 4.2-9 will be: 
 

𝑃 = 𝑃ேమ
+ 𝑃ாை =

௡ಿమ

ቆ
ೇೃషೇಽ

ೃ೅
ା

ೇಽഐೄ
ಹಿమ,ೄ

ቇ

+  𝑛ாை,ீ
ோ்

௏ೃି௏ಽ
      (4.2-11) 

 
 
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 VL/V°L in the ethoxylation of dodecanol in a 
Venturi loop reactor at EO fed 1000 kg/h, T 453 K, and kLa 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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VR   reactor volume (m3)     10 
ROH°   dodecanol charged (kg)    2000 
CAT  catalyst (KOH) (kg)     6.5 
k  kinetic constant (cm3 mol-1 s-1)   6.108 exp(-6640/T) 
PN2,0   initial pressure of N2 (bar)    1.5 
PST   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. 
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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. 
 

 

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

2) 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. 

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

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

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

6) 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 (EO= 0.15W/(m K) at 298K),  specific heat 
of liquid EO (CpEO=1973J/(kg K) at 298K) . 

7) 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: 

ௗ௡ಶೀ,ಸ

ௗ௧
= 𝐹ாை + 𝑄([𝐸𝑂]ே − [𝐸𝑂]଴) − 𝐽ாைଵ𝑉ଵ     (4.3-1) 

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

𝐽ாைଵ = 𝑘௅ଵ𝑎ଵ([𝐸𝑂]଴ − [𝐸𝑂]ଵ)   (4.3-2)   
   



69 
 

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

ௗ௡ಶೀ

ௗ௧
= ∑ 𝑉௝𝑅௝

ே
௝ୀଵ      (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)  
 
ௗ௡ಶೀ,భ

ௗ௧
= 𝑄([𝐸𝑂]଴ − [𝐸𝑂]ଵ) − 𝑅ଵ𝑉ଵ + 𝐽ாை𝑉ଵ   (4.3-5) 

 
ௗ௡ಶೀ,మ

ௗ௧
= 𝑄([𝐸𝑂]ଵ − [𝐸𝑂]ଶ) − 𝑅ଶ𝑉ଶ   

…         (4.3-6) 
ௗ௡ಶೀ,ಿ

ௗ௧
= 𝑄([𝐸𝑂]ேିଵ − [𝐸𝑂]ே) − 𝑅ே𝑉ே       

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

𝑇௦௔௧ =
ொఘ஼ು బ்ାிಶೀெௐಶೀ஼௣ಶೀ

⬚ ்೅ಲಿ಼ିிಶೀெௐಶೀఒಶೀ

ொఘ ುାிಶೀெௐಶೀ஼௣ಶೀ
⬚    (4.3-7) 

       
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: 
 
ௗ భ்

ௗ௧
= −

ோభ௱ு

ఘ஼ು
+

ொ

௏భ
(𝑇ௌ஺் − 𝑇ଵ)     (4.3-8) 

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

ௗ௧
= −

ோమ௱ு

ఘ஼ು
+

ொ

௏మ
(𝑇ଵ − 𝑇ଶ)          

. . .         (4.3-9) 
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ௗ்ಿ

ௗ௧
= −

ோಿ௱ு

ఘ஼ು
+

ொ

௏ಿ
(𝑇ேିଵ − 𝑇ே)         

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  
 

 
 
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 = 3.17 104 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): 

- A gas 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/nROH°, 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. 
 

 
 
Fig. 4.4-1. Calculated maximum values of nEO/nROH°, total pressure, and yEO in the ethoxylation of 
dodecanol in a Venturi loop reactor as a function of EO fed, T=453 K, and kLa= 0.5 s-1. 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 (T0), and the 
flow rate of the recirculation liquid (Q) (see Eq. 4.3.7-4.3.9). By fixing T0, a Q value can be 
found that provides the required value of the reactor bottom temperature (TN). 
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 EO) 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 T0 = 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 T0, 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 T0 = 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 T0 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 PEO 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 EO 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 PEO 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 PEO and T have 
great influence in the safety distance that increase with the increase of PEO 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. 

 

 

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

 
 

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, JEO2, 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 EO in saturation section 
of the reactor is: 
 
ௗ௡ಶೀ,ಸ

ௗ௧
= 𝐹ாை + 𝑄ௌ([𝐸𝑂]ே − [𝐸𝑂]଴) − 𝐽ாை 𝑉ଵ − 𝐽ாைଶ𝑉ଶ   (5.1-1) 

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

𝐽ாைଵ = 𝑘௅ଵ𝑎ଵ([𝐸𝑂]଴ − [𝐸𝑂]ଵ)   (5.1-2) 
        

𝐽ாைଶ = 𝑘௅ଶ𝑎ଶ([𝐸𝑂]଴ − [𝐸𝑂]ଶ)   (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).  
 
ௗ௡ಶೀ,భ

ௗ௧
= 𝑄ௌ([𝐸𝑂]଴ − [𝐸𝑂]ଵ) − 𝑅ଵ𝑉ଵ + 𝐽ாை 𝑉ଵ    (5.1-4) 

 
ௗ௡ಶೀ,మ

ௗ௧
= 𝑄ௌ([𝐸𝑂]ଵ − [𝐸𝑂]ଶ) + 𝑄஻([𝐸𝑂]଴ − [𝐸𝑂]ଶ) − 𝑅ଶ𝑉ଶ + 𝐽ாை 𝑉ଶ    (5.1-5) 

 
ௗ௡ಶೀ,ೕ

ௗ௧
= 𝑄([𝐸𝑂]௝ିଵ − [𝐸𝑂]௝) − 𝑉௝𝑅௝       (5.1-6), 

 
where Rj is 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: 
 
ௗ భ்

ௗ௧
= −

ோభ௱ு

ఘ஼ು
+

ொೄ

௏భ
(𝑇ௌ஺் − 𝑇ଵ)      (5.1-7) 
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For the central cell number 2 the energy balance is slightly different: 
ௗ మ்

ௗ௧
= −

ோమ௱ு

ఘ஼ು
+

ொೄ

௏మ
(𝑇ଵ − 𝑇ଶ) +

ொಳ

௏మ
(𝑇଴ − 𝑇ଶ)     (5.1-8) 

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

ௗ௧
= −

ோయ௱ு

ఘ஼ು
+

ொ

௏య
(𝑇ଶ − 𝑇ଷ)        (5.1-9) 

 
ௗ ర்

ௗ௧
= −

ோర௱ு

ఘ஼ು
+

ொ

௏ర
(𝑇ଷ − 𝑇ସ)        (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: 
 

𝑇௦௔௧ =
ொೄఘ஼ು బ்ାிಶೀெௐಶೀ஼௣ಶೀ

⬚ ்೅ಲಿ಼ିிಶೀெௐಶೀఒಶೀ

ொೄఘ஼ುାிಶೀெௐಶೀ஼௣ಶೀ
⬚     (5.1-11) 

 
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: T0 = 178°C; final growth ratio:20.5.(DiSerio et al., 2021). 

 
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 (τ: residence time; P: productivity). *mol %.(Tesser et al., 
2020) 

Reactor Alcohol 
(Alkoxide) 

CCAT, 
w% 

Type of 
cat. 

Alcohol/Alkoxid
e 

TMAX

, °C 
τ, s P, 

kg/(hm3

) 

Ref. 

Coiled tubes 
C12-14 

(EO/PO) 
0.10 

NaOCH
3 

1:1-1:6 mol/mol 287 25 120000 
Umbach 
and Stein 

1971 

Coiled tubes 
Sucrose 
(EO/PO) 

0.40 KOH 11.4:5.8 w/w 180 600 - 
Hinz and 

Dexheime
r 2002 

Microchannel
s 

Butanol 
(EO/PO) 

3.00* KOCH3 1:35 mol/mol 190 200 - 
Hubel 
2010 

Microchannel
s 

Octanol 
(EO) 

0.66* KOH 
1:3-1:6-1:9 

mol/mol 
240 50 12600 

Rupp et 
al. 2013 

Falling film 
multipipe 

n-nonyl phenol 
(EO) 

0.60 NaOH 1:7 mol/mol 220 160 22000 
Aigner et 
al. 2016 

Stirred 
compartment

s 

Polyoxypropylentri
ol 

(PO) 
0.05 DMC 1:4.2 w/w 120 

1500
0 

324 
Yamada 

et al. 2006 

CSTR 
C13 

(EO) 
0.18 La(PO4) 1:1.4 w/w 170 7200 450 

McDaniel 
and Reese 

2007a 

Two CSTR 
C12-16 

(EO) 
0.014

4 
DMC 1:1.4 w/w 130 

1296
0 

255 
McDaniel 
and Reese 

2007b 

Two CSTR 
Nonylphenol 
ethoxylate 

(EO) 

0.013
3 

DMC 1:1.9 w/w 130 
1332

0 
195 

McDaniel 
and Reese 

2008b 

CSTR+PFR 
C26 diol 
(EO/PO) 

0.3 DMC 1:9 w/w 140 
2160

0 
150 

Villa et al. 
2014 

CSTR+PFR 
Glycerol alkoxylate 

(PO) 
0.005

8 
DMC 1:4.2 w/w 125 8700 372 

Verwijs et 
al. 2008 

CSTR+PFR 
Glycerol 
(EO/PO) 

0.4 DMC 1:10.3 w/w 160 
2520

0 
130 

Weston et 
al. 2012 

Two CSTR 
Glycerol 
(EO/PO) 

0.002 DMC 
1:2.7:33.1 w/w 

(EO/PO) 
140 - 653 

Lai et al. 
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 µm 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. 

 

Fig. 6.1-2. Microreactor designed by Hubel et al. 2010. Maximum working pressure: 800bar; working 
temperature: -10 to 300°C; channels diameter: 600μm. 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 µm. 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∙m3).   

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 für 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 cm3 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 cm3 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 C13/EO=6.5, was fed with 8.34 
g/min. of EO and 5.83 g/min. of a mixture C13/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. 

 

 

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*m3) 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°C in PFR). 



97 
 

 

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 EO/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 ΔT=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*m3). 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. 
 

 

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 µm 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

2

(z, ) (z, ) (z, )1
( ) (z, )i i i

i i

c y c y c y
u y D r y

z y y y


   
      

                                      (7.1-1) 

With, u(y) fluid velocity [m/s], ci concentration of specie i [mol/m3], z axial coordinate 
[m], Di molecular diffusivity of component i [m2/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. 

2 2

max( ) 1 2 1
y y

u y u u
R R

               
         

          (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 τ: 

V LA L

V V u
   

 
           (7.1-3) 
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with A the cross-sectional area [m2], L the reactor length [m], V the reactor volume 
[m3], V the volumetric flowrate [m3/s] and u the average flow velocity [m/s]. Thus, 

z

u
            (7.1-4) 

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

z u             (7.1-5) 

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

, 0 (1 )i i ic c x           (7.1-6) 

with, ci,0 the feed concentration of component i. 

Deriving Eq. 7.1-6, it is possible to obtain: 

   .0 .0 .0(1 ) 1i i i i i i ic c x c x c x                  (7.1-7) 

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

y

R
             (7.1-8) 

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

y R             (7.1-9) 

Thus, the velocity profile becomes: 

2( ) 2 1u y u             (7.1-10) 

Inserting Eqs. 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: 
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    (7.1-11) 

Rearranging, the following form can be derived: 
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     (7.1-12) 
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The reactant conversion, more specifically xEO, shows a parabolic trend with the 
reactor radius coordinate. For instance, depending on the radial position, different 
flow velocities are expected due to Eq. 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. 

,0 ( ) 0ix            (7.1-13) 

0

0ix

 





         (7.1-14) 
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         (7.1-15) 

For instance, at τ=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: 
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By introducing Eq. 7.1-2 in Eq. 7.1-16, the following expression can be obtained: 
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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): 

EO ca tr kc c          (7.1-18) 

Where, the catalyst and the feed ethylene oxide concentrations were calculated 
starting from the definition of ε0 and K, representing respectively the feed ethylene 
oxide/octanol molar ratio and the catalyst/octanol molar ratio.  
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       (7.1-20) 

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

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

The initial and boundary conditions needed to solve Eq. 7.1-22 are reported in Eqs. 
7.1-23-7.1-25. 
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For instance, at τ=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. 
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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 (T), the initial ethylene oxide/substrate 
ratio (ε0) 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, Eqs. 7.2-1, 7.2-2. 
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Ethylene oxide and 1-octanol viscosities were determined using ChemCAD database 
(Chemstations, n.d.), adopting the following expression. 

ln ( ) ( / ln ( ))i i i iA B T C 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 Ai Bi Ci 

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. 

5 2 3
, 1 .4 5 1 0 7 5 8 .8 7 2 .8 2 6 1 0 .0 0 3 0 6p E Oc T T T           (7.2-4)

6 2 3 4
, 5 .1 4 1 0 5 4 9 7 0 2 2 8 .7 2 0 .4 0 3 3 1 0 .0 0 0 2 5 8 4 4p Oc T T T T           (7.2-5) 

0 .26957 0 .0003984EO T          (7.2-6) 

0 .2 2 0 4 4 4 0 .0 0 0 1 8 3 7 8O T          (7.2-7) 

Both the specific heat and heat conductivity of the mixture were calculated as 
weighted average of the pure components. 
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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. 
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where, aEO = 1.751∙10-16. 
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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 
liquid 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 ε0, using Eq. 7.2-11. 

mix
mix
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M
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
          (7.2-11) 

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. 

0m ix O EO EOM M x M         (7.2-12) 

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. 

ln ( ) ln ( ) ln ( ) (1 )m ix E O EO o lig om e r E Ox x          (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 ( ) ( / ) ln ( )o lig om e r o lig om er o lig om er m ix m ixA B T M        (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 ε0, 
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 Eqs. 7.2-15 and 7.2-
16. 
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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. 

 

 
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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Fig. 7.3-3. Temperature and EO conversion trends along the residence time and the dimensionless 
radial coordinate, fixing ε0=3, cat=0.66% mol/mol, Tfeed=453K (V. Russo et al. 2023). 

 

Fig. 7.3-4. Temperature and EO conversion trends along the residence time and the dimensionless 
radial coordinate, fixing ε0=3, cat=0.66% mol/mol, Tfeed=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)∙103 J/mol 
kref (Tref=473K) (1.2 ± 0.1)∙10-3 m3/(mol 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 T=513 K a 47% of difference can be 
calculated. 

 

A.  
 

 
                                          B. 
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. 

A.  

B.  

Fig. 7.3-6 – Comparison between laminar flow model (A) and plug flow model (B) simulations, imposing 
Tfeed=493K, ε0=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 Tfeed=453 K, ε0=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.  

 

 

 

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 Tfeed=453K, ε0=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 (ε0=1), assuming to add subsequently 
ethylene oxide at different reactors length (Figure 7.3-8). 



118 
 

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. 

 

 

 

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 Tfeed=443K, ε0=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 Eqs. 7.4-
1 and 7.4-2. 
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       (7.4-2) 

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 ε0=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/(m2 K), value in line with the 
order of magnitude reported in the literature, being between 0.2-1.0 kW/(m2 K) (Bell, 
K.J., 1983). 

In this way, the parameter was fixed, and several simulations were conducted, 
imposing ε0=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. 

 

Fig. 7.4-1. EO concentration and temperature profiles for a reactor working at Tfeed=210°C, u=0.05 m/s, 
ε0=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 ε0=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. 

 

Fig. 7.4-2. EO concentration and temperature profiles for a reactor working at Tfeed=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). 
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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 II. 
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List of Symbols 
 
A   Cross sectional area 
AAO,S   Coefficient in Eq. 3.2-8 
Ai, Bi, Ci   Coefficients in Eq. 28 
A,B,C,D,E  Parameters in Eqs. 3.1-1 and 3.2-1 
Aoligomer, Boligomer  Coefficient in Eq. 41 
AO    Alkylene Oxide  
AOR   Reacted alkylene oxide 
AS,AO   Cofficients in Eq. 3.2-9 
B°   Catalyst concentration 
BAO,S   Coefficient in Eq. 3.2-8 
BS,AO   Coefficient in Eq. 3.2-8 
CAO,S   Coefficient in Eq. 3.2-8 
Cat   Catalyst 
ccat   Catalyst concentration 
cEO,0   Initial ethylene oxide concentration 
cEO   Ethylene oxide concentration 
ci   Ratio between the probability of reaction of oligomer i and 
substrate 
ci   Concentration of species i 
ci,0   Feed concentration of component i 
cO,0   Initial octanol concentration 
Cp   Specific heat of reactive mixture 
cp,EO   Ethylene oxide specific heat 
cp,mix   Specific heat of the mixture 
cp,O   Octanol specific heat 
CpEO   Specific heat of liquid ethylene oxide 
CS,AO   Coefficient in Eq. 3.2-9 
D   Reactor diameter 
DEO   Ethylene oxide diffusivity 
DEO,0    Initial ethylene oxide diffusivity 

Di   Molecular diffusivity of component i 
E   Activation energy 
Ea   Activation energy of reaction 
EO   Ethylene Oxide 
EOR   Reacted ethylene oxide 
FEO   Ethylene oxide feed 



126 
 

Fobj   Objective function 
HEO,S   Ethylene oxide repartition constant 
HN2,EO   Solubility of nitrogen in ethylene oxide 
HN2,S   Solubility of nitrogen in the substrate 
[i]   Concentration of i in liquid phase 
JEO   Gas-liquid mass transfer rate 
K   Catalyst/octanol molar ratio 
K    Henry solubility constant 
k   Kinetic constant of reaction 
k0    Kinetic constant initial reaction rate 
ki    Kinetic constant of reaction rate i 
kla   Mass-transfer coefficient 
kp    Kinetic constant of propagation reaction rate  
k11    Kinetic constant of Ethoxylation of a primary alcohol 
k12    Kinetic constant of Ethoxylation of a secondary alcohol 
k21    Kinetic constant of Propoxylation of a primary alcohol 
k22    Kinetic constant of Propoxylation of a secondary alcohol 
Ke   Equilibrium constant 
kref   Reference kinetic constant of reaction 
L   Reactor length 
MEO   Ethylene oxide molecular weight 
Mmix   Molecular weight of the mixture 
MO   Octanol molecular weight 
MOH/MOR  Alkaline catalysts 
MWEO   Molecular weight of ethylene oxide 
MWi   Molecular weight of i 
MWROH0   Molecular weight of fatty alcohols 
N   Moles 
nAOG   Mols of alkylene oxide in gas phase  
nAOL   Mols of alkylene oxide in liquid phase 
nAOR   Mols of alkylene oxide reacted 
nRX(AO)iH   mol of oligomer i 
ns

o   Initial mols of substrate 
nS   Mols of substrate  

Ndata   Number of data 
P   Pressure 
P°EO   Vapor pressure of ethylene oxide 
P0

AO   Vapor pressure of alkylene oxide 
P0

EO   Vapor pressure of ethylene oxide 
P0

PO   Vapor pressure of propylene oxide 
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PAO   Alkylen oxide pressure 
PEO   Ethylene oxide pressure 
PN2,0   Initial pressure of N2 

PST   Pressure of ethylene oxide storage tank 
PMAO   Alkylen oxide molecular weight 
PMS   Substrates molecular weight 
PO   Propylene Oxide 
Q   Volumetric flowrate 
QB   Flow to the ejector 
QS   Flow to the spray nozzle 
r   Reaction rate    

r0   Initial reaction rate 
rp   Propagation reaction rate 
ri   Reaction rate i 
R   Reactor radius 
Rg   Ideal gas constant 
ROH   Fatty alcohols 
S0   Initial mol of substrate  
S   Substrate 
t   Time 
T   Temperature (K) 
T0   Temperature of the liquid at the outlet of the heat exchanger 
Tc   Critical temperature 
Tfeed   Feed temperature 
TMAX   Maximum temperature 
TN   Reactor bottom temperature 
Tref   Reference temperature 
Tsat   Saturation temperature 
Tw   Wall temperature 
U   Overall heat transfer coefficient 
u   Fluid velocity 
   Average flow velocity 
umax   Maximum fluid velocity 
v   Molar oligomer distribution 
VAOL   Dissolved alkylene oxide liquid volume 
VG   Gas Phase volume 
VL   Liquid phase volume 
Vmix   Molar volume of the mixture 
VS   Substrates volume 
VSL   Liquid volume of substrate 
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VR   Reactor volume 
Volumetric flowrate 

WAO   Weight amounts of ethylene oxide or propylene oxide 
WS°   Weight amount of initial substrate 
Ws   Weight amount of dodecanol or ethoxylated derivatives 
 𝑥ாை    Ethylene oxide average conversion                      
 �̄�ாை,஼஺௅஼   Average calculated ethylene oxide conversion 
xi   Molar fraction of i in liquid phase 
x0   Molar fraction of residual starter 
xAO   Molar fraction of alkylen oxide 
xEO   Molar fraction of ethylene oxide 
XEO   Ethylene oxide conversion 
xEO,0   Initial ethylene oxide conversion 

xEO,EXP   Experimental ethylene oxide conversion  
xi   Molar fraction of the oligomer i 
Xi   Reactant conversion 
xS   Molar fraction of substrates 
y   Radial coordinate 
yEO   Ethylene oxide molar gaseous fraction 
z   Axial coordinate 
zc   Critical compressibility factor  

 

Greek Letters 

aEO   Coefficient of Eq. 37    

A0,SS,AO  Parameters in Eq. 3.2-12 
E0,SS,E0  Parameters in Eqs. 3.2-15, 3.2-16 
γAO   Activity coefficient in liquid phase 
γi   Activity coefficient of i 
ΓAO,S   Coefficient of Eq. 3.2-7 
ΓS,AO   Coefficient of Eq. 3.2-7 

ΔrH   Enthalpy of reaction 
ε0   Feed ethylene oxide/octanol molar ratio 
ηEO   Ethylene oxide viscosity 
ηi   Viscosity of component i 
ηmix   Viscosity of the mixture 
ηoligomer   Oligomer viscosity 
ϑ   Temperature (°C)  
λ   Dimensionless reactor radius coordinate 
λEO   Ethylene oxide heat of vaporization 
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λmix   Heat conductivities of the mixture 
λO   Octanol heat conductivities 
νi   Stoichiometric coefficient of component i 
ρAO   Alkylen oxide density 
ρi   Density of i 
ρmix   Density of the Initial mixture 
ρmix,0   Density of the Initial mixture 
ρprod   Density of the products 

ρS   Substrates density 
τ   Residence time 
χ   Dimensionless axial coordinate 
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