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Resumo 

A síntese de acrilato de butilo obtido através da esterificação do ácido acrílico e do n-

butanol apresenta algumas limitações devido ao equilíbrio da reação e sobretudo à 

complexidade termodinâmica do sistema. Para além disso, existe um elevado risco de 

polimerização do ácido acrílico e do acrilato de butilo quando submetidos a elevadas 

temperaturas. Estas limitações fazem deste sistema um tema muito desafiante entre a 

comunidade científica no sentido de encontrar um processo capaz de ultrapassar estes 

inconvenientes, melhorando o processo convencional em termos ambientais e 

económicos.  

Nesse sentido, o objetivo deste trabalho consistiu no estudo de diferentes estratégias 

de intensificação de processos para a síntese de acrilato de butilo com base na integração 

do processo de reação e separação numa só unidade por forma a ultrapassar a conversão 

de equilíbrio por remoção contínua da água (subproduto) recorrendo a técnicas 

cromatográficas (adsorção) e de pervaporação. Deste modo, as diferentes estratégias 

adotadas nesta investigação contemplaram: reatores cromatográficos de leito fixo, 

reatores cromatográficos de leito fixo com membranas integradas e, numa fase posterior, 

processos cíclicos de adsorção/ pervaporação, nomeadamente reatores cromatográficos 

de leito móvel simulado. Em todos os casos optou-se por usar a mesma fase estacionária, 

a resina de permuta iónica Amberlyst-15, de modo a facilitar a comparação dos diferentes 

processos estudados. 

Assim, numa primeira fase, foram realizados experimentalmente estudos dinâmicos 

de adsorção e pervaporação, na ausência de reação, a fim de estimar os respetivos 

parâmetros de cada componente e de forma a ser possível prever e comparar o 

desempenho dos reatores de leito fixo e de leito fixo com membranas hidrofílicas 

integradas. Para isso, modelos matemáticos foram desenvolvidos para cada tecnologia, 

considerando fenómenos de transferência de massa, reação, adsorção e pervaporação, os 



 

quais foram posteriormente estendidos para implementação de tecnologias de processos 

cíclicos, como o reator de leito móvel simulado e o reator de membranas de leito móvel 

simulado.  

Os modelos matemáticos previamente desenvolvidos permitiram o estudo da 

otimização dos respetivos processos abordados neste trabalho e o dimensionamento dos 

mesmos à escala industrial. 

A síntese experimental de acrilato de butilo foi também realizada no reator de leito 

móvel simulado à escala piloto disponível no laboratório (LICOSEP), variando alguns 

parâmetros de operação no sentido de validar o modelo matemático previamente 

desenvolvido no qual foram usados os parâmetros de adsorção multicomponente 

previamente determinados numa unidade de leito fixo na ausência de reação.  

Numa fase final, foi realizada uma breve análise aos fatores energéticos e económicos 

envolvidos nos diferentes processos cíclicos à escala industrial de forma a avaliar a 

viabilidade e competitividade das estratégias de intensificação do processo propostas 

neste trabalho para a síntese de acrilato de butilo comparativamente aos diferentes 

processos apresentados na literatura. 

  



 

 

Abstract 

The butyl acrylate synthesis obtained from the esterification reaction between acrylic 

acid and n-butanol presents some limitations due to the reaction equilibrium and mainly 

due to the thermodynamic complex behaviour of the system. Furthermore, there is a high 

risk of polymerisation of acrylic acid and butyl acrylate when they are submitted to high 

temperatures. All these limitations make this system a very challenging subject among 

the scientific community towards finding a process that is able to overcome these 

drawbacks improving the conventional process regarding economic and environmental 

issues.  

The main objective of this work was to study different process intensification 

strategies for the butyl acrylate synthesis based on the integration of reaction and 

separation in a single unit in order to overcome the equilibrium conversion by the 

continuous removal of water (by-product) using chromatographic (adsorption) and 

pervaporation techniques. Thus, the different strategies adopted in this research involved: 

fixed-bed chromatographic reactors, fixed-bed chromatographic reactors with integrated 

membranes and, at a later stage, cyclic adsorption/ pervaporation processes, namely 

simulated moving bed chromatographic reactors. In all cases, the same stationary phase 

was used, the Amberlyst-15 ion exchange resin, in order to perform a fair comparison 

between the different studied processes. 

Thus, in a first stage, dynamic studies of adsorption and pervaporation were 

accomplished, in the absence of reaction, in order to estimate the respective parameters 

for each compound and to enable the prediction and comparison of the performance 

between the fixed-bed adsorptive reactor and the fixed-bed adsorptive reactor with 

integrated hydrophilic membranes. For that, mathematical models were developed for 

each technology, considering phenomena like mass transfer, reaction, adsorption and 



 

pervaporation, which were then extended to model the other continuous processes, such 

as the simulated moving bed reactor and the simulating moving bed membrane reactor. 

The mathematical models previously defined allowed to study the optimisation of the 

processes addressed in this work and to perform the respective scaling up to industrial 

scale. 

The experimental butyl acrylate synthesis was also carried out in the simulate moving 

bed reactor pilot scale unit (LICOSEP) available in the laboratory, by changing some 

operating parameters in order to validate the mathematical model developed earlier using 

the multicomponent adsorption equilibrium parameters previously determined in a fixed-

bed unit in absence of reaction. 

Finally, a brief analysis to the energetic and economic factors involved in the different 

cyclic processes at industrial scale was performed aiming to evaluate the viability and 

competitiveness of the processes intensification strategies proposed in this work for the 

butyl acrylate synthesis comparatively to the different processes presented in the open 

literature. 
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1.  Introduction 

This Chapter presents a brief introduction about process intensification, namely, for 

the synthesis of butyl acrylate, and the respective potential to overcome the drawbacks 

associated with its production, focusing, in particular, on  adsorption/pervaporation based 

cyclic processes and on the global objectives of this work. 
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 Motivation and Relevance 

Numerous global market studies have predicted a considerable growth in the butyl 

acrylate (BAc) demand for long forecast periods mainly due to its resilient features which 

make it extremely important for several industrial applications. BAc is usually obtained 

from an esterification reaction between acrylic acid (AAc) and n-butanol having water as 

by-product. However, its conventional production involves a complex multistage process 

with homogeneous catalysis 1 and the subsequent processes (product purification) 

represents high operating and investment costs. Therefore, a Process Intensification (PI) 

study can bring great advantages for the production of this acrylic ester leading to a more 

compact design towards a more energy efficient and profitable process. 

Over the last decades, PI is a subject that has been explored in chemical engineering 

research, being the key to find new paths towards more sustainable processes allowing a 

more efficient answer to the market demand of some products of industrial interest. 

Nowadays, it is possible to find different definitions for PI in the open literature. Gerven 

and Stankiewicz selected and gathered some of them in their recent review about 

fundamentals of PI 2 and, in summary, most of them are related with strategies that allow  

to drastically reduce the energy consumption and, consequently, improve the process 

efficiency by compacting the respective plant design. For that, innovation and creativity 

are a constant challenge in this field.  

 Multifunctional reactors, where reaction and separation steps are integrated into a 

single equipment, usually known as reactive separations, is one of the most relevant 

examples of PI. This concept leads to smaller, cleaner and more energy-efficient 

processes than the conventional ones 3, 4 since the reaction and separation take place 

simultaneously. Furthermore, it allows overtaking the equilibrium limitations by 

removing one of the products continuously and therefore improves the reaction 

conversion. Among the reactive separations, chromatographic reactors and reactive 

distillations are, currently, the most studied for systems that present limitations due to the 

reaction equilibrium like is the BAc system case. Although chromatography is more 

advantageous than distillation for complex molecules that are difficult to separate by 

evaporation process 5, like AAc and BAc, there are only a few studies concerning 

chromatographic reactors for BAc synthesis 6, 7. Actually, the first report regarding the 
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application of such reactors to this particular system is one of the most relevant outcomes 

of the present thesis 8. In this kind of technology, the separation process is accomplished 

by adsorption while the reaction step occurs simultaneously enabling operating at milder 

temperatures than reactive distillation. Definitely, this is a crucial factor in the BAc 

system since there is a high risk of polymerisation of BAc and AAc when they are 

exposed to high temperatures. 

Meanwhile, a new concept based on chromatographic reactors was developed some 

years ago, the simulated moving bed reactor (SMBR) which combines reaction with 

chromatographic separation in a cyclic process. It consists of several fixed-bed 

chromatographic reactors connected in series forming a closed loop allowing operating 

in a continuous mode. It is based on the true moving bed (TMB) concept where a counter-

current flow of the fluid and the solid phases is expected, which maximizes the mass 

transfer driving force, providing a better use of the adsorbent than in the batch mode 9.  

However, this operation implies the motion of the solid, which is not readily feasible and 

can be overcome by the use of simulated moving bed (SMB) technology where the solid 

phase motion is simulated by periodically shifting the outlet and inlet streams at regular 

time intervals, the switching time. Moreover, this technology is also more advantageous 

with respect to batch preparative chromatography, particularly due to the continuous 

nature of the operation and to a more efficient use of the stationary and mobile phases, 

since it enables decreasing the desorbent requirements and improving the productivity 

per unit of time and unit of mass of stationary phase 9. SMBR technology was already 

investigated for the synthesis of different oxygenated compounds like acetals and esters: 

diethylacetal 10, dimethylacetal 11,  dibutoxyethane 12, dietoxybutane 13, and green 

solvents as the ethyl lactate 14, among others, where eluent savings and productivity 

improvements were reported.  

More recently, a novel multifunctional reactor emerged from the integration of the 

SMB technology with hydrophilic membranes, the simulated moving bed membrane 

reactor, also known as PermSMBR. According to the literature 15,16,17, this new hybrid 

technology enables to improve the water removal in a continuous process, using different 

separation techniques simultaneously (adsorption and pervaporation), which was 

investigated for acetals and green solvents production leading to higher productivities 

with lower eluent consumption than SMBR. 
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 Objectives and Outline 

The present work focuses on the development of new sustainable alternative processes 

for BAc synthesis based on the simulated moving bed technology (SMB), namely, SMBR 

and PermSMBR processes, where different separation techniques, adsorption and/or 

pervaporation, are combined with reaction in the same equipment. For that, the 

knowledge of fundamental data, like adsorption equilibrium, reaction kinetics and 

pervaporation data, is crucial in order to be possible to implement a mathematical model 

able to predict the performance of the different reactors. This way, firstly, fixed-bed 

adsorptive reactors and fixed-bed adsorptive membrane reactors will be separately 

studied, which are, respectively, the fundamental units of each of the previous processes.  

Therefore, this thesis comprises nine chapters where the different tasks required for 

the implementation of the SMBR and PermSMBR processes for BAc synthesis are 

described and the respective results are discussed.  

The first Chapter evidences the motivation and relevance of the topic highlighting the 

main objectives of this work. 

In the second Chapter, an overview of the most relevant patented processes and of 

alternative processes based on PI for BAc synthesis is reported. In addition, new PI 

approaches for esterification reactions are addressed. 

The third Chapter is related with the dynamic study of the BAc synthesis in a fixed-

bed adsorptive reactor (FBR) using Amberlyst-15 ion exchange resin (A-15) 

simultaneously as catalyst and as adsorbent, which is a very important step to determine 

the best operating conditions required to implement a SMBR process. Furthermore, a 

mathematical model able to describe the synthesis of BAc in a FBR is developed, where 

experimentally determined multicomponent adsorption equilibrium data are used 

together with the kinetic data obtained in batch conditions over A-15 by Ostaniewicz-

Cydzik and her co-workers 18. Then, the mathematical model is validated by reactive 

adsorption experiments conducted under different operating conditions.  

The fourth Chapter concerns the study of the BAc synthesis in a fixed-bed membrane 

reactor (FBMR) considering the same catalyst/adsorbent material (A-15) and an 

hydrophilic pervaporation membrane, for which experimental pervaporation data are 

measured in the absence of reaction using a pilot scale unit. Afterwards, that data is 
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considered in the mathematical model developed to predict the performance of a FBMR 

to produce BAc at different operating conditions and for comparison with FBR results.  

The synthesis of BAc in a SMBR is numerically investigated by developing a 

mathematical model taking into account the kinetic and the multicomponent adsorption 

equilibrium data previously determined and validated in the FBR study. This way, an 

optimisation study is performed in order to determine the ideal operating conditions. 

These data enabled to proceed to the scale up of the unit (SMBR) to industrial scale (IS) 

assessing its viability, comparing it with other alternative processes proposed in open 

literature. The experimental BAc synthesis in a pilot scale SMBR unit (LICOSEP) is also 

performed for validation of the mathematical model. All experimental and simulation 

data obtained at this stage are gathered in Chapter five. 

Afterwards, a new PI configuration based on SMBR for BAc synthesis was created 

and explored, comprising a FBR followed by a SMBR, and its viability was also 

evaluated comparing it with other processes, including the conventional SMBR. The 

respective study at industrial scale is presented in Chapter six.  

Chapter seven presents the PermSMBR process study for BAc synthesis. This 

technology is numerically investigated under different operating parameters and the ideal 

operating conditions are described. For that, a complex mathematical model is developed 

considering all pervaporation, adsorption and kinetic data used in the FBMR study. An 

optimisation study is carried out by studying different configurations and the respective 

performance is evaluated. The PermSMBR unit is scaled up to industrial scale in order to 

assess its feasibility and to compare with SMBR performance. 

Additionally, a brief economic analysis is detailed in Chapter eight for all studied 

processes in this work and a comparison between the processes here suggested and the 

alternative processes that have been proposed in the literature is performed regarding the 

most relevant economic parameters. 

Finally, the most relevant remarks and suggestions for future work are presented in 

Chapter nine. 
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2. State-of-the-Art 

In this Chapter, the most relevant data about the global butyl acrylate market and 

respective applications are presented as well as an overview on the patented and 

alternative processes integration strategies for the butyl acrylate synthesis suggested in 

open literature. New process intensification approaches are also addressed. 
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 Introduction  

Beyond several processes that were already patented for the BAc synthesis, process 

integration based strategies have been investigated along the last decades aiming to find 

the best solution in terms of industrial implementation that may be able to keep up with 

the market progress. 

Process intensification methods are illustrated in Figure 2.1, including: 

multifunctional reactors resulting from the integration of reaction and separation 

techniques, new hybrid separations and use of alternative energy sources 1. 

Multifunctional reactors, where reaction and separation steps are integrated into a single 

equipment, are one of the most relevant examples of PI for reactive systems, allowing to 

reduce the energy demand and investment costs on the required equipment and, 

consequently, leading to more sustainable processes which is one of the biggest Process 

Engineering challenges. This way, reactive separation attracts the researchers’ attention 

because it leads to smaller, cleaner and more energy-efficient processes than the 

conventional multistage processes 1, 2, since reaction and separation take place 

simultaneously allowing to overcome the equilibrium limitations by continuously 

removing one of the products and leading to reaction conversion improvement. Among 

the reactive separations, chromatographic reactors and reactive distillations are currently 

the most studied methods for systems that comprise equilibrium-limited reactions as it is 

the case of BAc.  

In this Chapter, an overview of the patented processes and process integration based 

strategies is presented showing the main achievements along the time that have 

contributed to improve BAc synthesis. In addition, new approaches based on PI that have 

been successfully applied for different esterification reactions are addressed, for the first 

time, as alternative processes for the BAc production, aiming to achieve higher yields 

and lower energy requirements than the conventional process and even than the other PI 

alternatives available in the open literature. 
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Figure 2.1. Process intensification methods 1. 

 

 Market and Applications 

BAc is a clear colorless liquid with a strong characteristic odor, which presents a low 

solubility in water (0.2 % wt. at 293 K) and a very similar boiling point to that of AAc 

(see Table 2.1). It is a very important acrylic monomer with a wide application field, due 

to its properties such as low temperature flexibility, adhesion, hardness, water and oil 

resistance, among others. Additional properties of all species involved in this system can 

be observed in Table 2.1 and properties related with their safety including toxicity, 

storage and stability, among others, are presented in Appendix A (Material Safety Data). 

All these properties make this chemical compound an attractive feedstock for paint and 

coating formulations and for several other products like adhesives 3 (including pressure-

sensitive adhesives (PSAs)) 4, 5, varnishes, finishes of papers and textiles. 6 It has also 

been useful in the production of sealants, plastics, elastomers 7, and mostly to produce 

coatings and copolymers 8-12. Cleaning products, antioxidant agents, amphoteric 

surfactants and aqueous resins are other uses of this chemical compound. Figure 2.2 

illustrates the main application areas of BAc with surface coatings representing the major 
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one. Market research studies have reported a significant growth of the global demand of 

BAc during the last decade and this trend is expected to increase even further in the 

upcoming years. According to the market analysis 13, the global production capacity 

increased about 80 % from 2005 to 2013 pointing out to 3.45 million t.year-1 in 2013. A 

representation of the global production capacity can be observed in Figure 2.3 in terms 

of the manufactures and respective geography. The data corresponds to the most recent 

information available in open literature (related to 2013) and shows that BAc has been 

mostly produced in China. Nevertheless, the largest manufacturer, in that year, was Dow 

Chemical, located in the USA and Germany, with 14.7 % of the global market followed 

by BASF with 12.6 % and Arkema with 9.4 % 13. The demand has increased mainly in 

Asia Pacific which is the largest consumer at about 1.44 million t.year-1, followed by the 

USA at 476,000 t.year-1 and Western Europe at 446,000 t.year-1, respectively. The most 

recent publications 14 point out that the global BAc market will reach around $ 8.1 billion 

by 2026 expanding at a Compound Annual Growth Rate (CAGR) of 5.0 % from 2018 to 

2026 and expecting to reach 4.84 million tonnes by 2026. This market growth is due to 

the increase of the BAc usage in the manufacture of water-based coatings which are likely 

to replace solvent-based coatings. Moreover, the development of the automotive and 

construction industries boosts the global BAc market 14.  

 

Table 2.1. Properties of all compounds involved in the butyl acrylate 

synthesis  15, 16. 

Properties AAc n-Butanol BAc Water 

Molecular mass - MM (g.mol-1) 72.06 74.12 128.17 18.02 

Density (at 293 K)- ρ (g.cm-3) 1.050 0.810 0.900 1.030 

Melting temperature - Tf (K) 286.2 183.9 208.6 273.2 

Normal boiling temperature - Tb (K) 414.2 390.8 421.0 373.2 

Critical temperature - Tc (K) 615.0 563.1 598.0 647.1 

Critical pressure - Pc (bar) 56.60 44.14 29.10 220.6 

Critical volume - Vc (cm3.mol-1) 208.0 273.0 428.0 55.94 

Acentric factor - w 0.540 0.590 0.480 0.350 
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Figure 2.2. Global butyl acrylate applications (data from 2013) 13. 

 

  

Figure 2.3. Global butyl acrylate production capacity (data from 2013) 13. 

 

 Conventional Synthesis Processes and Challenges 

Although different routes can be followed to produce BAc, including acetylene-carbon 

monoxide mixtures in the presence of n-butanol at high pressures 17, 18, mass efficiency 
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has been a general concern in the selection of the employed synthesis reaction, favouring 

the paths that lead to water as the only by-product. In this way, BAc is, usually, obtained 

from an equilibrium limited esterification reaction between AAc and n-Butanol, in acidic 

medium, having water as the by-product, as can be seen in Figure 2.4. The reaction 

enthalpy value of 13.4 kJmol-1, which can be obtained from the enthalpy of formation of 

the respective products (ΔHf,BAc = -375.3 kJmol-1, ΔHf,water = -241.81 kJmol-1) 15, 19 and 

reactants (ΔHf,n-butanol = -274.6 kJmol-1, ΔHf,,AAc = -355.91 kJmol-1) 19, indicates this is an 

endothermic reaction. According to the publications related with this system, numerous 

drawbacks have been associated, namely, it presents very slow reaction kinetic 15, a 

complex thermodynamic behaviour with several azeotropes (see Table 2.2) and high risk 

of polymerisation of AAc and BAc when they are exposed to high temperatures 20. The 

mechanism of the polymerisation reactions is available in the open literature and it should 

be avoided during the esterification and separation processes, since it is highly 

exothermic which can lead to an uncontrolled self-accelerating reaction when high 

temperatures are used. Moreover, the equilibrium reaction conversion is low, according 

to the literature it is about 60 % at 363 K 15. So, all these limitations make the BAc 

synthesis and its purification a very challenging process, since commercially a high purity 

is required (≥ 99.5 wt. %). 

 

Figure 2.4. Esterification reaction for the synthesis of butyl acrylate. 

Table 2.2. Azeotropic data of the butyl acrylate system (P = 0.267 bar) 20. 

Reference Type Compounds Tb (K) xAAc xBAc xn-Butanol xWater 

Calculated 

(UNIQUAC_HOC) 20 

Homogeneous AAc and BAc 379 0.37 0.63 - - 

Gmehling, 2004  21 Heterogeneous BAc and water 335 - 0.18 - 0.82 

Gmehling, 2004  21 Homogeneous n-butanol and 

BAc 

356 - 0.12 0.88 - 

Gmehling, 2004  21 Heterogeneous n-butanol and 

water 

335 - - 0.19 0.81 

Gmehling, 2004  21 Heterogeneous n-butanol, BAc 

and water 

333 - 0.09 0.15 0.76 
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Conventionally, the BAc production is conducted in a homogeneously catalysed 

multistage process, shown in Figure 2.5, using two reactors with a total residence time of 

approximately three hours and three distillation columns which are used for the recovery 

of the reactants as well as for product purification 22. Usually, the alcohol is used in excess 

and the water that is formed in the esterification is removed by distillation as well as its 

azeotrope with BAc and n-butanol to keep a high rate of AAc conversion. The separation 

of AAc from water, excess alcohol and BAc is not a simple task resulting in 

contamination of BAc containing, typically, 1-3% of AAc in a continuous process. 

Hence, there are reactant recovery problems leading to a significant energy use. In this 

manner, further improvements in the BAc production are required, namely, methods to 

make more efficient use of the water, driving to an easier separation of BAc from AAc 

and recycling unreacted AAc using less energy 23. Besides that, liquid catalysts such as 

sulfuric acid, hydrofluoric  acid,  and  para-toluenesulfonic  acid  are  toxic  and  corrosive 

while the solid acids are less toxic and facilitate the recovery and recycling of the 

catalysts. Therefore, many researchers have tried to improve this process with 

heterogeneous catalysts (reducing the system toxicity) and integrated processes aiming 

to attain a more efficient eco-friendly process either by increasing the process and/or the 

material use efficiencies. 

 

 

Figure 2.5. Conventional process for butyl acrylate synthesis 22. 
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 Patent Processes Overview  

There are numerous patented processes in the literature related to the BAc synthesis. 

A summary of those inventions is described in Table 2.3. Most of them focus on a first 

stage involving a reactor, where the esterification reaction between AAc and n-butanol 

in an acidic medium is carried out, followed by several distillation processes with 

recycling in order to extract the BAc from the organic phases. Usually, homogeneous 

catalysts are used, as sulphuric acid for instance but, heterogeneous catalysis is also 

reported, through the use of ion exchange resins (A-15, for instance). In summary, excess 

of one reactant, the alcohol commonly, is reported as a technique to overcome the reaction 

equilibrium limitations and the reaction and separation are performed in different steps. 

 

Table 2.3. Patented processes for butyl acrylate production. 

Source Summary  

Hoechst 

Aktiengesellsch

aft (Erpenbach 

et al., 1977) 24 

The production of BAc is claimed by reacting AAc with n-butanol in liquid phase over an 

acid cation exchanger catalyst (A-15, for instance). The authors report a continuous feed in 

the reaction zone, which is filled with the catalyst, using a molar ratio (AAc/n-butanol) from 

1:1 to 1:2.5, at 353 K to 403 K, under a pressure from 3 to 15 atm with reaction periods 

within the range of 20-90 minutes. The esterification reaction is performed in a single 

reaction zone and the final mixture comprising a ternary mixture of BAc/ n-butanol/water 

is led through a three zones distillation sequence from which the respective organic phases 

are recovered. After the second distillation, a n-Butanol/BAc azeotrope is obtained being 

condensed and recycled to the reaction zone. At the end, pure BAc is obtained at the bottom 

of the third distillation zone, with yield between 94 % and 97 %. 

Rohm and Haas 

(Bauer, Jr. et al, 

2001) 23 

Two new process components are disclosed, one being related with the hydrolytic recovery 

of valuable reactants from their higher boiling adducts, and a second component related 

with an improved distillation of a crude product yielding BAc substantially free of AAc. A 

reaction conversion of 60 %, at least, is obtained in the esterification reaction using a feed 

molar ratio of 1 to 1.1-1.7 (AAc/n-butanol). The hydrolysis reactor is kept between 363 K 

and 413 K with a residence time of 0.5 to 20 hours in a continuous acid-catalysed process 

under 6.7 to 133.3 kPa while the cracking reactor is maintained at the same temperature 

with the same residence time under 2.7 to 26.7 kPa. The authors report a highly efficient 

continuous process for BAc synthesis comprising one esterification reactor, one hydrolytic 

reactor, one cracking reactor and a separation column to extract AAc providing an n-

Butanol/BAc mixture which returns to the first reactor during subsequent conventional 

processing and final BAc isolation. 

Celanese 

International 

Corporation 

(Jawaid and 

Schepp, 2001) 25 

A process for producing BAc is claimed where a feed molar ratio of 0.85 to 1.3 moles (n-

butanol/AAc) is used and a polymerisation inhibitor is considered to be mixed with the AAc 

in the feed zone. The reaction vessel operates at a temperature between 293 K and 423 K 

under a pressure range of about 6.7 to 53.3 kPa. The finished product (BAc) is withdrawn 

as a vapour side stream from the finishing tower presenting a purity between 99.00 and 

99.99 wt. %. 
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Table 2.3-Continued. Patented processes for butyl acrylate production. 

Source Summary  

BASF 

Aktiengesellschaft 

(Aichinger, H. et al., 

2001) 26 

The invention comprises at least two reactors for producing BAc over sulphuric acid or a 

mono-C4—C12-alkyl sulphate as catalyst. The first reactor operates, preferably, between 

353 and 383 K, with the water content of the feed mixture being below 3% wt. (based on 

the total amount of starting materials) and the respective optimum conversion is reached 

after a residence time of about 1 hour, being at least 40 %, where the reaction is carried out 

while a single phase is observed. After that, at least one more reactor is used between 363 

and 403 K. The water formed is removed by distillation in a stream containing a maximum 

residual amount of alcohol of 5 %. 

BASF 

Aktiengesellschaft 

(Deckert, P. and 

Herbst, H, 2002) 27 

The reaction mixture removed from the esterification zone is first fed to a three-stage pre-

purification and then worked up by rectification for BAc isolation. The reaction occurs, 

preferably, between 353 K and 403 K and between 0.1 and 0.8 bar (according to the authors, 

reduced pressures facilitates the removal of water by rectification). In the first pre-

purification stage the catalyst is separated by extraction and washing with water. Then, the 

strongly acidic components are neutralized and extracted by reactive extraction using an 

aqueous alkali solution. After passing the remaining organic reaction mixture in an 

additional separation zone, the resulting alkyl ester is isolated. In the third stage, residual 

salts and aqueous foreign-phase fractions are removed by extraction with water from the 

organic reaction mixture that remained after the second pre-purification stage, before it is 

passed on into the separation zone comprising further rectification units. 

Union Carbide 

Chemicals & 

Plastics Technology 

Corporation (Ho, F. 

and Julka, V., 

2003)  28 

The esterification reaction is performed between 363 K and 413 K under a pressure range 

between 0.1 and 1.5 bar and using a feed molar ratio of 0.8-1.2 to 1 (n-Butanol/AAc).  A 

splitter distillation column is used to perform a separation between lights, which include 

dibutylether, butyl acetate, n-butanol and lower boiling components (overhead fraction) and 

acrylate and heavier components (bottom fraction). The bottom fraction is removed from 

the splitter distillation column and the heavier compounds are separated by introducing that 

fraction into a distillation column to provide an overhead product containing BAc and a 

bottom product containing heavier components. 

Arkema (Riondel, A. 

and Bessalem, J., 

2005) 29 

This process encompasses a reactor charged with AAc, phenothiazine (PTZ) stabilizer, 

96% of sulphuric acid and the BAc/n-butanol mixture from the top column wherein the 

water formed is entrained by distillation in the form of a heteroazeotropic mixture with n-

butanol being then separated in a decanter after condensation.  The esterification reaction is 

conducted preferably with an initial n-butanol/AAc molar ratio of 0.92, which rises to 1.12 

following completion of the deferred introduction of n-Butanol. Initially, it is conducted 

with a temperature of 353 K for 30 minutes with regulation of the pressure, which varies 

from 0.293 bar to 0.227 bar and, then, maintaining this pressure the temperature is allowed 

to increase up to 373 K. The final product obtained contains at least 99.8 wt. % of BAc. 

Rohm and Hass 

(Cooper, C. and 

Zamarripa, R., 

2005)  30 

The authors report two process units running in parallel with interconnections designed to 

maximize yield and purity of the products from both units. A method for combining parts 

of the two units into a single process unit for improved yield and purity is also detailed. 

Both processes encompass an esterification reactor and a dehydration distillation column. 

The first process unit involves a hydrolysis reactor, a cracking reactor and an AAc 

separation column and the second process unit contains a bleed stripper, a recycle tank and 

a neutralization and acidification system. The feed molar ratio of AAc and n-butanol for 

esterification reactor is preferably from 1:1.25 to 1:1.45 over an acid catalyst. The AAc 

conversion is at least 60 %. The cracking reactor is kept preferably from 383 to 398 K under 

a pressure of 2.7 to 26.7 kPa and a residence time of 0.5 to 20 hours, based on the fed reactor 

bleed stream, is employed. The final product (BAc) presents reduced levels of AAc and n-

butyl acetate. 
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 Toward Process Intensification: Multifunctional 

Reactors 

Nowadays, it is possible to find different descriptions for PI in the open literature, 

which is one of the latest trends in Chemical Engineering and Process Technology. 

Gerven and Stankiewicz 31 gathered some of them in their recent review about 

fundamentals of PI and, in summary, most of them are related with strategies that allow 

to drastically reduce the energy consumption and to improve the process efficiency by 

compacting the respective plant design or/and reducing wastes. For that, innovation and 

creativity are a constant challenge in this field with process integration being one of the 

most relevant strategies for the PI. Different studies have been conducted aiming to find 

more sustainable alternative processes for the BAc synthesis. The first studies emerged 

about two decades ago concerning heterogeneous catalysis where fundamental data as 

equilibrium and kinetic constants, activation energy and vaporisation enthalpy for the 

BAc system were reported 15, 32-35.  Meanwhile, studies involving multifunctional reactors 

started to appear, which are units where the reaction and separation occur simultaneously 

allowing to reduce the operating and investment costs, such as: reactive distillation (RD) 

6, 36, fixed-bed adsorptive reactor (FBR)37, 38 and pervaporation based hybrid process 

(combining reaction with membrane technology) 39. The most relevant strategies and 

operating conditions are summarized in Table 2.4 as well as the principal results obtained. 
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Table 2.4. Summary of heterogeneously catalysed butyl acrylate synthesis 

and process intensification strategies. 

Source Processes/ Materials Conditions Remarks/ Results 

Pascale 

Dupont et 

al., 1995 32 

Flow and batch conditions; 

Heteropolyacids supported 

on activated carbon: 

H3PW12O40 (HPW); 

Inhibitor in batch: PTZ (0.16 

wt. % of the total reactants); 

in dynamic flow: PTZ (0.1 

wt. % ). 

T = 353 K; 

P = 0.2 bar; 

rA/B = 0.75 (batch); 

rA/B = 1.34 (flow). 

 

XAAc = 98.0 % (removing water 

from the oganic phase, in batch 

conditions); 

The activity per proton of the 

HPW/carbon is higher than 

conventional resins but smaller 

than pure HPW; 

Occurs deactivation in batch 

conditions. 

Xin Xen et 

al., 1999 40 

 

Three neck flask with 

water-cooler condenser; 

Screening of catalysts 

including: A-15, Amberlite 

200C, Nafion-H, Nafion-

SiO2,Solid oxides and 

Liquids. 

T = 353 K; 

rA/B = 1. 

 

The highest conversion was 

obtained with Nafion-H; 

XAAc = 61.1 %; 

The highest selectivity to BAc 

was obtained wit Amberlite 

200C; 

Selectivity to BAc = 95.6 %. 

Schwarzer, 

S. and 

Hoffman U.,  

2002 36 

Batch; 

Tube Reactor + RD 

Kinetic:  

Lewatit K 2621 

Equilibrium:                                

Toluene Sulfonic Acid. 

Kinetic:  

T = 393 K, 

P = 2 bar; 

rA/B = 1.3 - 2.1; 

Equilibrium:  

T = 293 - 373 K; 

P = 1 bar. 

Keq = exp (- 8.805 + 

 0.05743 × (T/K) – 

 6.429 × 10–5 × (T/K)2 + 

 3.821 × 10-9 × (T/K)); 

ΔH = 14.27 kJmol-1; 

 XAAc = 62 %; 

BAc fraction = Máx. 93 %; 

LHHW model was considered.  

Zeng, K. et 

al., 2006 6 

RD with  decanter; 

Kinetic parameters from 

Schwarzer, S. and Hoffman 

U.,  2002 36. 

T = 363 - 428 K; 

TDecanter = 313 K; 

P = 1.1 bar. 

BAc ≥ 99.83 mol. %; 

Water ≥ 95.90 mol. %. 

Skrzypek, J. 

et al., 

2009  33 

Batch; 

Heterolpolyacids: 

H3PW12O40 (catalyst A)  

H3PMo12O40 (catalyst B) 

Inhibitor: HME. 

T = 343 - 373 K; 

rA/B = 3.0, 5.0 and 

10.0; 

Catalysts (wt. %) =  

1.23 - 9.84 (Cat. A)  

3.12 - 12.48 (Cat. B). 

Cat. A: Ea = 66.00 ± 0.4 kJmol-1; 

kc,0 = 1.12 × 104 (m4.5 mol−1.5 

min−1); 

Cat. B: Ea = 72.30 ± 0.8 kJmol-1 

kc,0 = 9.82 × 104 (m4.5 mol−1.5 

min−1); 

Keq = 9.603×105 ×  

× exp (-31400/(RT)); 

ΔH = 31.40 kJmol-1. 
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Table 2.4-Continued. Summary of heterogeneously catalysed butyl 

acrylate synthesis and process intensification strategies. 

Source Processes/ Materials Conditions Remarks/ Results 

Sert E., et al., 

2012 34 

Batch; 

Zirconia supported by 

Tungstophoric acid (25 wt. 

% loading). 

T = 358 K; 

Calcination T = 

923.15 K; 

r(A/B) = 1. 

 ΔH = 15.20 kJmol-1; 

 XAAc = 33%. 

 

Sert E., et al., 

2013 35 

Batch; 

A-15, A-131,  

Dowex 50Wx-400. 

T = 338 K, 348 K 

and 358 K; 

rA/B = 1, 2 and 3. 

 Ea = 57.40 kJmol-1; 

 Keq= exp (2134/T-1.799); 

 XAAc = 88.8% (over A-131 at 

338 K). 

Niesbach, A. et 

al., 2012 20 

RD; 

A-46; 

Inhibitors:  

2 wt.% PTZ and 2 wt.% 

HME (top feed); 

1000 ppm PTZ (AAc 

feed). 

T = 380 - 393 K; 

P = 0.30 - 0.40 bar; 

rA/B = 1.10 - 3.26; 

Cat. (dry)  = 

0.205  kgm- 1. 

 

 Ea = 81.26 kJmol-1; 

 ΔH = 15.70 kJmol-1; 

 Keq = exp (-1888.66/T(K) + 

8.17); 

 XAAc = 38.69 %; 

LHHW model was considered. 

Sert E. and 

Atalay F., 

2014  39 

Pervaporation-

esterification hybrid 

process; 

Pervap 2201; 

A-131. 

T = 358 K; 

r(A/B) = 8; 

catalyst loading of 

10 g.L-1; 

S/V ratio = 70 m−1. 

XAAc = 96.3 %; 

High selectivity to water in the n-

butanol/AAc/BAc/water system; 

Pervaporation and reaction rate 

increasing with the operating 

temperature. 

Ostaniewicz C. 

et al., 2014 15 

Batch; 

A-15. 

T = 323 - 363 K; 

r(A/B) = 2 to 3; 

Cat. = 1 - 3.5 wt. %. 

kc = 1.52 × 107 ×  

exp (– 66 988/(RT)) 

(mol·gcat
- 1·min−1); 

Ks,water = 1.589; 

Keq = exp (-1490/T(K) + 7.21); 

ΔH = 12.39 ± 4.80 kJmol-1; 

ΔS = 59.98 ± 13.87 J.mol-1·K-1; 

LHHW model was considered. 

 

2.5.1. Reactive distillation 

There are numerous studies concerning reactive distillation (RD) process for different 

equilibrium limited reactions with particular emphasis on esterifications 22, 41-43. Besides 
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esterification cases, other successful commercial applications of RD include 

etherifications 44-46, cumene 47 and ethylene glycol 48 production and olefin metathesis 49. 

Generally, this is the first option for an industrial application due to its practical 

implementation and to the deep knowledge about the industrial application of distillation 

processes available in the literature 50. A RD process comprises reaction and separation 

in the same operation unit and its operating principle is based on the continuous 

separation of the products through the differences in the species volatilities while reaction 

occurs. Commonly, a solid catalyst like an ion exchange resin, for instance, is used as 

packing material in the reaction zone as represented in Figure 2.6. Depending on the 

volatilities, the products can be separated either from the top or the bottom of the column 

enabling to shift the equilibrium towards the forward reaction. However, high 

temperatures are required in systems that present low volatilities as the BAc system case, 

which is harmful for this system since some of the species present tend to polymerize at 

high temperatures. Because of this, the use of inhibitors is crucial for the process.  

 

Figure 2.6. Schematic representation of a reactive distillation unit for the 

butyl acrylate synthesis. 

 

The literature reports some studies searching for new alternatives to the conventional 

BAc production process and, so far, the most of them, concern RD technology. As can 

be observed in Table 2.4, Schwarzer and Hoffman 36 studied experimentally the reaction 

equilibrium and measured kinetic data using a macroporous acid ion exchange resin, 

Lewatit K 2621, and those data were then used to simulate a process involving a catalytic 
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tubular reactor and a RD column at 393 K. The maximum molar ester fraction reached 

was 93 % after optimisation.  

Zeng K. et al. 6, investigated theoretically the design and control of a RD column with 

an overhead decanter providing for the first time a control strategy for an industrial 

application to produce high purity BAc (99.83 mol %) using the kinetic data from 

Schwarzer’s and Hoffman’s work 36. However, these publications were only concerned 

with the production of BAc in an RD column on a theoretical basis. Moreover, the 

polymerisation risk of the heat-sensitive compounds (BAc and AAc) was not considered 

in the simulation study.  

Niesbach et al. 51 were pioneers in the study of the inhibition period of AAc and BAc 

polymerisation, which is the time taken for a significant extent of polymerisation to occur, 

concluding that this process is dependent on the amount of inhibitor added, the 

temperature and the gas phase composition. The conventional chemicals, commonly 

called inhibitors, that are used to stabilize AAc and other acrylates are hydroquinone 

monomethyl ether (HME) and phenothiazine (PTZ). In that study, they also reported that 

the required amount of PTZ to avoid the polymerisation reaction is defined by the AAc, 

because the poly-acrylic acid formation is faster than the poly-butyl acrylate one and PTZ 

was found to be a more effective inhibitor than HME, as it does not depend on the 

presence of oxygen.  

Meanwhile, Niesbach and his co-workers 20, investigated experimentally, for the first 

time, the BAc synthesis using a pilot-scale RD column. This research team changed the 

key operating parameters considering the high risk of polymerisation of BAc and AAc 

assessed in their previous work 51. In this way, several experiments were performed 

aiming to analyse different parameters, such as reflux ratio, distillate-to-feed mass ratio, 

feed molar ratio, top pressure and total liquid load. According to the results, the authors 

concluded that among the studied process parameters, the reflux ratio is the one with 

more influence in the RD process leading to the reduction of the conversion and product 

purity by increasing the reflux ratio and keeping the remaining parameters constant. A 

concentration profile can be observed in Figure 2.7, which was obtained in a RD pilot 

scale unit for a set of operating parameters.  
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Figure 2.7. Concentration profile of a reactive distillation unit using a feed 

molar ratio of 3.1 (n-Butanol/AAc), a reflux ratio of 1.99 and a distillate-to-feed 

ratio of 0.5 at 0.30 bar. The grey lines represent the same simulation but with a 

distillate-to-feed ratio of 0.4. Adapted from Niesbach et al., 2012 20. 

 

In this case, the distillate-to-feed mass ratio was investigated concluding that 

decreasing this parameter (from 0.5 to 0.4), which is represented by the grey lines, leads 

to lower n-butanol concentrations in the reactive section and, consequently, higher 

concentrations of AAc and BAc are achieved. This way, the reaction conversion increases 

due to the faster reaction rate leading to a higher BAc overall concentration. Regarding 

the feed molar ratio (n-butanol/AAc) parameter, when it decreases the AAc concentration 

increases in the reactive section. However, the reaction rate remains nearly constant since 

it depends on the concentration of all components. On the other hand, the BAc purity in 

the bottom product is improved with the decreasing of the feed molar ratio due to the 

lower n-butanol concentration in that section. The pressure was also evaluated which 

directly influences the reactants conversion, increasing it due to a change in pressure from 

0.3 to 0.4 bar, leading to a higher BAc purity in the bottom product. Moreover, this is a 

sensible parameter since it involves operating temperature changes. Therefore, the 

pressure value should be limited to avoid the system polymerisation and taking into 

account the catalyst specifications in terms of the maximum operating temperature. 

Additionally, the authors increased the total feed flow (about 21 %) and they observed 
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no significant effect, except on BAc profile that resulted from the conversion reduction, 

which shows that the RD column is a kinetically controlled process for the synthesis of 

BAc. In that work, a non-equilibrium-stage model was considered to predict all 

experimental results and the model was validated using their own experimental data. 

Nevertheless, experimentally, the maximum AAc conversion obtained over Amberlyst 

46 was about of 39% using a reflux ratio of 1.014, a distillate-to-feed ratio of 0.494 and 

a feed molar ratio of 3.18 at 0.4 bar. 

 

2.5.2. Sorption-enhanced reaction processes 

Similarly to the RD technology, chromatographic reactors (CR) also comprise reaction 

and separation in the same equipment enabling to shift the equilibrium conversion in the 

forward direction and, consequently, achieving higher conversions by continuously 

removing one of the products. However, in CR a different separation technique is used, 

the chromatography separation, which is based on the selective adsorption of specific 

species in a solid stationary phase inducing different composition fronts along the reactor 

at different propagation velocities 52. It means that, the compounds for which the 

solid/adsorbent has less affinity move faster along the reactor than the compounds for 

which the solid/adsorbent has more affinity, which are more retained leading, in this way, 

to the separation of the products. For this reason, this kind of reactors can operate at mild 

temperatures and, because of that, they are strongly recommended for the separation of 

complex molecules mixtures with similar volatilities and mixtures involving temperature 

sensitive compounds with high risk of polymerisation. 

Commonly, the CR, like FBR, are packed with one solid material able to work as 

catalyst and adsorbent 53-58. Some commercial ion exchange resins (as A-15 for instance) 

have shown to be a very effective material mainly for esterification reactions by playing 

this dual role in the process 59-62. Nevertheless, there are few studies concerning CR for 

BAc synthesis. Actually, the work reported in Chapter 3 of this thesis represents the first 

approach to this strategy. Afterwards, Moraru and his co-workers published two studies 

37, 38 based on FBR coupled with different distillation columns at industrial scale, which 

are discussed ahead (see Section 2.6). 
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2.5.2.1. New approach: Simulated Moving Bed Reactor 

The Simulated Moving Bed Reactor (SMBR), which is a cyclic multi-column 

chromatographic process, allows a continuous production with high-purity even if low-

selectivity adsorbents are available 63, unlike batch chromatography. In this case, a series 

of fixed-bed columns are interconnected in a closed system enabling to operate in a 

counter-current continuous mode. All chromatographic columns are, usually, packed 

with one solid material able to work as catalyst and adsorbent or packed with an 

adsorbent/catalyst homogeneous mixture, or other heterogeneous packing strategies 64. It 

is a versatile equipment enabling to adopt different configurations (number of columns 

per section), which means that it is possible to increase or decrease the number of fixed-

bed columns in the reaction/separation sections as required, depending on the system, for 

the respective process optimisation. 

Regarding the operating principle of the SMBR, it is based on True Moving Bed 

(TMB) technology combined with reaction (commonly designated by TMBR, True 

Moving Bed Reactor), for which the underlying concept consists in promoting the contact 

between the liquid and solid (stationary) phases by using a counter-current mode in order 

to maximize the mass transfer driving force. In this manner, TMBR has the ability to 

convert and separate, continuously, a reactive feed mixture in two fractions, by carrying 

the reaction products in opposite directions, being the performance enhancement, over 

batch chromatography, linked with its counter-current nature. This operating mode leads 

to the reduction of the costs associated with the adsorbent and, consequently, the eluent 

consumptions 65. However, according to the literature, there are drawbacks related to the 

solid motion, such as: equipment abrasion, mechanical erosion of the adsorbent and 

difficulty to keep the plug flow for the solid 63.  

The Simulated Moving Bed (SMB) concept was developed in the 1960s by Universal 

Oil Products 66, and patented as Sorbex® process, with the purpose of overcoming the 

problems associated to TMB by interchanging inlet and outlet streams (without solid 

motion). Thus, at regular time intervals (commonly designated by switching time, t*), all 

inlet and outlet streams move one fixed-bed column ahead in the fluid flow direction. In 

this way, the counter-current mode between the fluid and the stationary phases is 

performed by simulating the stationary solid phase movement. Hence, the same column 
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is in different sections during a cycle (Nc t
*, where Nc is the number of total columns in 

the equipment) passing through the different stages of the process:  

(i) Regeneration of the solid (section I); 

(ii) Desorption of the less adsorbed compound (section II);  

(iii) Adsorption of the most adsorbed compound (section III) and, 

(iv)  Regeneration of the eluent/desorbent by the adsorption of the less adsorbed 

compound (section IV).  

Over the years, the SMB technology has been investigated with focus on different 

applications of industrial interest, showing to be a very functional process for numerous 

large-scale separations, mainly on the petrochemical (purification of p-xylene, “Parex®” 

process, and separation of olefins from parafins, the “Olex®” process, for instance) and 

pharmaceutical industries (chiral separations). Alternative operating modes and technical 

design aspects have been developed depending on the system and the desired separation 

criteria. Focusing on PI concepts, chemical reaction was associated with the SMB 

technology in the same equipment which led to a new multifunctional reactor, the SMBR, 

where the reaction occurs in sections II and III while the desorption/adsorption of the 

less/most adsorbed compounds occurs, simultaneously, as represented in Figure 2.8.  

 

 

a) 

 

b) 

 Figure 2.8. Schematic representation of a Simulated Moving Bed Reactor 

on: a) Nth step and b) (N+1)th step. White, red, purple and blue colours represent 

desorbent, feed mixture, the less and the most adsorbed product, respectively. 

 



PROCESS INTENSIFICATION FOR BUTYL ACRYLATE SYNTHESIS BASED ON SORPTION-ENHANCED REACTION AND 

PERVAPORATION-BASED HYBRID PROCESSES  

 

28 

Nowadays, the SMBR is one of the most relevant technique for products purification 

from complex multicomponent reactive mixtures and it has been successfully applied for 

the production of different acetals and esters 67-73, showing to be an effective process for 

systems involving equilibrium-limited reactions 74 with almost 100 % of conversion and 

recovery of the desired products.  Although the SMBR seems to be a very promising 

technology, its feasibility was never studied for the BAc production. 

 

2.5.3. Pervaporation based hybrid processes  

Membrane technology, where pervaporation process occurs, is strongly recommended 

for systems that involve heat-sensitive compounds since it enables operating at milder 

temperatures than RD processes. Furthermore, pervaporation has been recognized as a 

very efficient technique for azeotropic mixtures separation with low energy requirements 

and no additional species into the feed streams are needed 75. A schematic representation 

of a pervaporation process is depicted in Figure 2.9.  

 

Figure 2.9. Schematic representation of a pervaporation process. 

 

Basically, there are three streams which are the feed mixture, the permeate comprising, 

mainly, the compound for which the membrane has more selectivity and, the retentate 

stream composed by the remaining compounds. Typically, during this process three steps 

occur:  

(i) Sorption of the permeable component into the separation layer of the membrane; 

(ii) Diffusive transport of the substance across the membrane; 
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(iii) Desorption of the substance on the permeate side of the membrane and, for that, 

low pressures are used in order to keep the maximum driving force possible while 

the permeated vapours are condensed 76. 

Regarding its industrial applications, pervaporation membranes are used, mostly, as 

downstream units in process integration strategies aiming to recycle a water free stream 

or even to purify the final desired product. One of the most relevant applications is the 

separation of water from organic solvents like alcohols dehydration, for instance, or from 

mixtures of solvents 76. 

Like distillation and chromatography, membrane technology has been associated with 

chemical reaction, following the PI concepts, giving rise to another kind of 

multifunctional reactor, the pervaporation membrane reactor (PMR). This reactor was 

patented, for the first time, in 1960 77 and, since then, many studies about pervaporation 

hybrid processes have been reported, mainly for esterification reactions 78, 79, as the 

esterification reaction of propionic acid with isobutyl alcohol to produce isobutyl 

propionate and water 80 or the esterification of butyric acid with n-propanol to produce 

propyl butyrate and water 81, among others 82. Typically, for condensation reactions, 

which have water as by-product (as esterification reactions, for instance), hydrophilic 

membranes (water selective membranes) have shown very promising results, since water 

can be removed from the reaction media, continuously, overcoming the equilibrium 

conversion and improving the ester yield. Nevertheless, other kinds of membranes can 

be used according to the desired product and the required purity criteria, so, the membrane 

selection is a very important step for pervaporation aided esterification reaction studies 

and it should be performed taking into account the principal key performance indicators: 

selectivity, separation factor, permeate fluxes, driving force and chemical stability 

(reproducibility). 

Sert and Atalay 39 investigated, for the first time, a pervaporation-esterification hybrid 

process to carry out simultaneously the esterification reaction of AAc and n-butanol and 

the separation of the water from BAc in order to increase the limiting reactant conversion. 

For that, the authors used a configuration that consists in a batch reactor (2 L) where a 

Pervap 2201 polymeric membrane was placed with an effective area of 179 cm2 and the 

Amberlyst 131 ion exchange resin was used as catalyst using a pressure of 4 mbar at the 

permeate side for sampling collection. The pervaporation assisted esterification process 

was evaluated by changing different operating parameters including temperature, molar 
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ratio of n-butanol to AAc, catalyst loading and membrane area to reaction volume ratio 

(S/V), with temperature being pointed out as the principal parameter since it showed a 

dual effect increasing both the pervaporation and the reaction rate. In addition, the authors 

reported that the used membrane presented high selectivity to water in that system and 

they concluded that coupling pervaporation with esterification reaction showed to be an 

efficient strategy for the equilibrium shifting towards BAc production by continuous 

water removal from the reaction medium. The maximum conversion of AAc achieved 

was 96.3% at 358 K. However, that work was not complemented with a model able to 

predict the experimental results that would be interesting for future work in the design of 

different processes with integration of Pervap 2201 membrane for BAc production.  

 

2.5.3.1. New approach: Simulated Moving Bed Membrane Reactor 

Recently, a new technology based on Simulated Moving Bed Reactor combined with 

pervaporation membranes, also designated by Simulated Moving Bed Membrane 

Reactors (PermSMBR), has been successfully applied for the continuous synthesis of 

different products, including esters, acetals and green solvents 61, 83-86. Its operating 

principle is very similar to the SMBR technology. The main difference is that 

PermSMBR comprises several membranes packed with catalyst/adsorbent, which allow 

removing an extra stream (permeate stream along the membranes), as can be observed in 

Figure 2.10, instead of the fixed-bed columns in SMBR.  
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a) 

 

b) 

Figure 2.10. Schematic representation of a Simulated Moving Membrane 

Bed Reactor on: a) Nth step and b) (N+1)th step. White, red, purple and blue 

colours represent desorbent, feed mixture, the less and the most adsorbed product, 

respectively. 

 

Among the reactive separation processes, PermSMBR has gained special attention due 

to its advantages in PI field, since it allows the reaction equilibrium displacement by 

continuous removing one of the products (water, typically) or more, by adsorption and 

pervaporation processes, simultaneously, from the reaction medium favouring the 

forward reaction. Indeed, it is also considered as Process Re-Intensification86, because it 

is not a conventional multifunctional reactor but an enhanced multifunctional reactor 

since it combines different separation processes with the reaction step in the same 

equipment. 74 Notwithstanding, this technology was never tested for BAc production. 

 

 Process Integration Strategies at Industrial Scale 

Alternative process designs at industrial scale for the BAc synthesis have emerged 

along the last years aiming to find a more feasible and competitive solution to answer to 

the fast market growth. A summary of all these strategies and the respective main output 

data can be found in Table 2.5.  
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Table 2.5. Review of the process integration strategies for butyl acrylate 

synthesis at industrial scale: processes, conditions and main results. 

Source Processes /Materials Conditions Remarks/ Results 

Niesbach, A. et 

al., 2013 22 

Single RD and RD coupled with 

Decanter (20,000 t.year-1);  

Inhibitors: PTZ and HME; 

A-46. 

 

T = 380 to 403 K; 

r(A/B) = 0.81; 

r(A/B) = 1.08 (with decanter); 

P = 0.58 - 0.59 bar; 

RR = 1.67; 

RR = 6.96 (with decanter). 

 XAAc = 73.5 %; 99.9 % (with 

decanter); 

Reduction on the actual BAc 

market price (1350 €.t-1) = 12 %; 

37 % (with decanter). 

 

Niesbach, A. et 

al., 2013 and 

2015 87, 88 

Semicontinuous Distillation 

coupled with a RD column and 

Decanter; 

Bio-n-butanol and bio-AAc as 

feed stream (containing 

impurities); 

A-46. 

 

RD column: No change is 

required in the operating 

parameters in relation to the 

previous study 22; 

Semicontinuous Distillation: 

Top P = 0.2, 0.4 and 0.576 

bar; 

RR = 200, 300 and 600; 

Top/bottom mass flow = 5, 

7.5 and 10; 

Initial AAc, n-butanol purity 

= 99.20, 9.44, 99.60 and 99.72 

wt. %; 

Final AAc, n-butanol purity = 

99.70, 99.80, 99.90 and 99.95 

wt. %. 

All impurities of bio-based 

sources were identified as well 

as the impurities that resulted 

from side reactions in a RD 

column; 

Semicontinuous distillation 

process is suggested for the 

purification of the final product 

and/or bio-based reactants; 

Cycle time is the critical 

parameter to reach the minimal 

purity desired. 

Moraru M. D. et 

al., 2016 38 

Two conventional reactive-

separation-recycle processes 

(20,000 t.year-1): 

FBR + 2 distillation columns (one 

recycle); 

FBR + 4 distillation columns (two 

recycles); 

A-131 (2000 kg). 

TReactor 1 = 355.7 - 358.2 K; 

TReactor 2 = 353.2 - 358.2 K; 

Tdist.Colum_RSR 1 = 

 373.2 - 493.2  K; 

Tdist.Column_RSR 2 = 

 338.2 - 428.2 K. 

 

 XAAc = 50 % (one recycle); 

 XAAc = 55 % (two recycles); 

 Reduction on the actual BAc 

market price (1350 €.t-1) = 38 %. 

 

Moraru M. D. 

and Bildea C. S., 

2017 89 

Design and control of a RD with 

Decanter and Flash Vessel (20,600 

t.year-1); 

A-131 (2000 kg). 

T = 338.2 - 403.2 K; 

P = 0.05 - 3.65 bar; 

Kinetic data from literature 35. 

X = 99.9 % (both reactants); 

Water ≥ 99 wt. %; 

Recovery of unreacted alcohol;  

Reduction on the actual BAc 

market price (1350 €.t-1) = 44 %. 
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Table 2.5-Continued. Review of the process integration strategies for butyl 

acrylate synthesis at industrial scale: processes, conditions and main results. 

Source Processes /Materials Conditions Remarks/ Results 

Moraru M. D. 

and Bildea C. S., 

2017 37 

Design and plantwide control of 

two conventional reactive-

separation-recycle processes 

(20,500 t.year-1): 

FBR + 2 distillation columns (one 

recycle); 

FBR + 4 distillation columns (two 

recycles); 

A-131 (2000 kg). 

T = 356.2 K; 

r(A/B) = 3. 

Extractive distillation showed to 

be a better choice than 

conventional distillation; 

BAc ≥ 99.5 wt. %; 

Water ≤ 0.05 wt. %; 

AAc ≤ 0.01 wt. %. 

 

According to the previous table (Table 2.5), the principal process integration strategies 

available at industrial scale focus on RD technology and FBR coupled with distillation 

columns. Niesbach and his co-workers performed a scale up of the RD process previously 

studied at pilot scale, which was optimised by coupling a decanter at the top of a RD 

column to allow the recycling of unused reactants. That new configuration and respective 

optimized operating parameters lead to a reduction on the actual product (BAc) cost of 

37 % when compared with the conventional process (1350 €.tBAc
-1) 22. 

 Moraru and Bildea 89 also investigated the design and control of a RD process with a 

decanter and a flash vessel at industrial scale allowing the recovery of 99 wt. % purity of 

waste water and leading to unreacted alcohol recovery. An economic evaluation was also 

performed and similar economic parameters to the values reported by Niesbach et al. 22 

were reported, just reducing about 4 % of the product cost since a very similar process 

configuration is presented.  

Afterwards, Niesbach et al. 87, 88 investigated a RD process making use of sustainable 

bio-based resources aiming to produce bio-BAc driven by the fossil fuels reserves decline 

as well as by the urge of achieving eco-friendly and sustainable processes through the 

implementation and design of “greener” processes. In this way, the authors suggested the 

use of n-butanol and AAc derived from biological processes, which involve the presence 

of impurities that can considerably affect the performance of the previously studied RD 

process. Aiming to understand the impact of those impurities in the global process, 

Niesbach et al. developed a four-step methodology, which comprises the design of the 

base-case process (step 1), the identification and clustering of impurities (step 2), process 
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simulation and process analysis (step 3) and, finally, the detailed design of bio-based 

process (step 4). Thereby, they started by analysing the biosynthetic routes for the 

synthesis of n-butanol and AAc as well as possible side-reactions of the main components 

and impurities in the RD column in order to identify which of the impurities present in 

each bio-reactant and the key components would have the biggest impact on the product 

purity. For that, the Acetone-Butanol-Ethanol (ABE) fermentation process using 

clostridium species to ferment sugars from biomass was considered for the synthesis of 

bio-butanol 90. Regarding AAc, the most promising feedstock for its bio-based production 

is lactic acid either by a chemically catalysed dehydration reaction or by a fermentation 

process 91. Nevertheless, according to the literature, there are other alternative routes to 

get bio-AAc 92-95. The similarity of the boiling points of the impurities and the boiling 

point of the final product, possible azeotropes and the reliability of thermodynamic and 

physical properties were taken into account for the identification of the representative 

component in each cluster. Thus, in summary, among the several impurities that can be 

present in these bio-based raw materials, the four key components for the reactive 

distillation process towards bio-BAc production that were identified through the four-

step methodology developed by the authors are: isobutanol, butyric acid, propionic acid 

and butyl butyrate. Afterwards, their impact on the RD process for the BAC synthesis 

was studied considering concentrations up to 3000 ppm according to the n-butanol and 

AAc suppliers material data sheets. The authors observed that additional purification 

steps are required since the critical impurities could not be removed just by changing the 

operating parameters of the RD process. So, they considered a semicontinuous distillation 

process to get the final product (BAc) with the desired commercial purity (≥ 99.5 wt.%), 

either by purifying the bio-reactants upstream before they enter the RD column or by 

purifying the final product after its production. According to the authors, the 

semicontinuous distillation is advantageous over batch distillation due to its flexibility to 

handle batch-to-batch variations in the initial concentrations of impurities (depending on 

the bio-sources) and in the final purity set point of the primary product. Moreover, the 

distillate and bottom products can be removed continuously at near steady state, which is 

a significant advantage over the continuous and batch distillation. A detailed study of 

ternary semi continuous distillation process is available in open literature for the BAc 

production from bio raw materials 87, where the purification of the final product and the 

bio-based reactants are considered, separately. The results obtained for the first approach 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/clostridium
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/biomass
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showed that this separation strategy allows keeping the final product purity just by 

changing the cycle times, and higher purities were attained with longer cycle times and 

without any change in the operating parameters (reflux ratio or column pressure). 

Concluding, it is an effective technology for the purification of the final product, as long 

as only small amounts of propionic acid are found in the bio-based feed streams leading 

to BAc with no significant concentrations of butyl propionate. Otherwise, butyl 

propionate is formed in the presence of propionic acid in the RD column, which is 

difficult to separate from BAc by semi continuous distillation process due to the similar 

vapour pressures. Regarding the upstream purification of the two bio reactants of the RD 

column, the semi continuous process demonstrated that it should only be feasible for n-

butanol since in the AAc case, although all propionic acid is removed, a slight separation 

of AAc from acetic acid is observed. Moreover, it was concluded that this separation 

process is an attractive technology for other bio-based separations due to its high 

flexibility in respect to the chemical system treated and due to the fact that it is possible 

to perform different purification tasks using the same semi continuous distillation 

apparatus.  Nevertheless, no economic evaluation study about this process is available to 

determine its economic viability for an industrial application.  

Meanwhile, Moraru et al. 38 disclosed two alternative reactive-separation-recycle 

processes based on a FBR coupled with different distillation columns to split AAc and 

BAc. The first configuration encloses a conventional distillation and another one 

comprises an extractive distillation process using ethylene glycol. Later, the same authors 

provided a plant wide control study considering the previous configurations 37. According 

to the authors, the control at the unit level was able to keep the mass inventory in the 

plant in dynamic simulations performed and achieve the required product purity when 

changes in throughput and reactor inlet temperature were made. The multiple possibilities 

to change the capacity, the ability for larger fresh feeds of AAc processing and the 

presence of only one steady state were factors pointed out as advantages of the process. 

They also concluded that employing extractive distillation is to some extent better, 

overcoming important drawbacks of the conventional distillation: the unit is smaller, less 

BAc is recycled, and the risk of polymerisation is lower due to lower temperatures. 

Though, slightly higher production cost, comparing with the values presented by 

Niesbach et al. 22, were reported.  

 

https://www.sciencedirect.com/topics/chemical-engineering/distillation
https://www.sciencedirect.com/topics/chemical-engineering/ethylene-glycol
https://www.sciencedirect.com/topics/chemical-engineering/polymerization
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 Conclusions 

Several studies have been developed to find more feasible and eco-friendly processes 

for butyl acrylate production. Hence, different process intensification strategies have 

emerged and have been proposed as alternative processes for the butyl acrylate synthesis 

with significant economic and environmental progress in relation to the conventional 

process. After a literature survey, the principal operating parameters used in the 

alternative processes studied, goals and respective results were summarized and gathered 

along this Chapter. Even though most of them focus on reactive distillation technology, 

new process intensification approaches, namely, adsorption/pervaporation processes 

integrated with reaction, have demonstrated to be very promising strategies to overcome 

the drawbacks associated with esterification reactions involving heat-sensitive 

compounds as the butyl acrylate case. Nevertheless, the feasibility of the continuous 

production of BAc in Simulated Moving Bed Reactors and Simulated Moving Bed 

Membrane Reactors was never studied before this work.  

 

 Notation 

Abbreviations 

A-15 Ion exchange resin Amberlyst-15  

A-46 Ion exchange resin Amberlyst-46  

A-131 Ion exchange resin Amberlyst-131  

AAc Acrylic Acid  

BAc Butyl Acrylate  

Cat. Catalyst  

CR Chromatographic Reactors  

FBR Fixed-Bed Adsorptive Reactor  

HME Hydroquinone Monomethyl Ether  

LHHW Langmuir-Hinshelwood-Hougen-Watson  
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PermSMBR Simulated Moving Bed Membrane Reactor  

PI Process Intensification  

PMR Pervaporation Membrane Reactor  

PTZ Phenothiazine  

RD Reactive Distillation  

RR Reflux Ratio  

RSR Reactive-Separation-Recycle  

SMBR Simulating Moving Bed Reactor  

t tonnes  

T Temperature  

 

Symbols 

MM Molecular Mass kg.mol-1 

ΔH Reaction enthalpy kJ.mol-1 

ΔS Reaction entropy J.mol-1·K-1 

Ea Activation energy kJ.mol-1 

kc,0 Arrhenius pre-exponential factor m4.5 mol−1.5 min−1 

kc Kinetic constant mol.kg-1.min-1 

Keq Equilibrium reaction constant - 

Ks,water Adsorption Constant for Water - 

R Ideal gas constant J.K-1.mol-1 

r(A/B) Molar ratio (A= n-Butanol; B= AAc) - 

S/V Membrane area to reaction volume ratio m-1 

Vc Critical volume m3.mol-1 

X Reaction conversion % 

w Acentric factor - 
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3. Fixed-Bed Adsorptive Reactor 

In this Chapter, the butyl acrylate synthesis through the esterification reaction of 

acrylic acid with n-butanol in a fixed-bed adsorptive reactor packed with Amberlyst-15 

ion exchange resin was evaluated. Adsorption experiments were carried out with non-

reactive pairs at two temperatures (323 and 363 K). The experimental results were used 

to obtain multicomponent adsorption equilibrium isotherms of Langmuir type. Reactive 

adsorption experiments, using different feed molar ratios and flow rates, were performed 

at 363 K and used to validate a mathematical model developed to describe the dynamic 

behaviour of the fixed-bed adsorptive reactor for the butyl acrylate synthesis.  
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 Introduction 

Among the different separation techniques used in chemical engineering processes, 

the Chromatography is considered one of the most relevant, which plays an essential role 

in the separation science mainly, due, to its versatility and simplicity. Basically, it is a 

method that allows separating the components of a mixture by their distribution between 

two phases: a solid stationary phase and a fluid mobile phase. This distribution is 

performed according to the different molecular interactions of the chemical compounds 

of the fluid phase towards the solid phase. As a result, the compounds with more affinity 

(stronger interactions) with the stationary phase are more retained by this phase and their 

movement through the system is slower than that of the compounds with weaker 

interactions 1 leading to different concentration profiles along the unit. In this manner, 

different concentration ranges of the products can be obtained at the outlet of the 

chromatographic column, at different time intervals. Various interactions can contribute 

to this kind of separation, involving, physical or weak chemical bonds like dipole-dipole, 

hydrogen bond formation, charge transfer, among others 2. 

Fixed-bed adsorptive reactor (FBR) is the result of the combination of 

chromatography with chemical reaction. As the separation process is performed by 

adsorption while the reaction step occurs, FBR is more advantageous than reactive 

distillation (RD) for complex molecules that are difficult to separate by evaporation 

processes 3, since chromatographic reactors are able to operate at lower temperatures than 

RD being, in principle, preferable in order to prevent polymerisation reactions. This 

multifunctional reactor has gained special attention for equilibrium-limited reactions, 

since it allows overtaking the equilibrium conversion by continuously removing at least 

one of the products from the reaction medium using, typically, one of the reactants as 

eluent for the regeneration of the solid phase 4-8. However, other solvents can be used as 

eluent for more complex mixtures 9 keeping the effectiveness of the process. 

Many studies have been focused on heterogeneous catalysts for the esterification 

reaction between acrylic acid (AAc) and n-butanol 10-16 to overcome  the environmental 

drawbacks associated with homogeneous catalysts as well as to facilitate their separation 

from the final product. It is known that ion exchange resins are active catalysts for 

esterification reactions. One example is the Amberlyst-15 (A-15) resin, which was, 
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recently, used in a kinetic study of the BAc system with good results in batch conditions 

17. Furthermore, A-15 was already successfully used, as solid phase, in simulated moving 

bed reactor (SMBR) based processes for other systems 6, 18, 19, showing high selectivity 

for water adsorption, leading to great reaction conversions and yields on the desired 

products. Because of this, A-15 seems to be a very attractive stationary phase for BAc 

synthesis in chromatographic reactors, acting as catalyst and adsorbent. 

The present Chapter aims to study the production of BAc in a FBR using A-15, which 

is a very important step in order to determine the best conditions to implement in a future 

SMBR process for this system. Aiming to assess the performance of this type of reactors, 

the knowledge of basic data, as adsorption and reaction kinetics is crucial. The reaction 

kinetics was already investigated in a batch reactor over A-15 17. In this Chapter, an 

adsorption study with binary mixtures in the absence of reaction was performed, at 323 

and 363 K, to obtain the multicomponent adsorption parameters. Then, BAc was 

successfully produced in a FBR under different conditions and all reactive adsorption 

experiments performed were used to validate the mathematical model developed, for 

which the kinetic and the adsorption data over A-15 were considered. 

 

 Experimental Data 

3.2.1. Chemicals and materials 

The chemicals used in the adsorption/reaction experiments were n-butanol (≥ 99.9 

wt.%) from Fisher Scientific, AAc (≥ 99 wt.%) and BAc (≥ 99.5 wt.%) from Acros 

Organics. The last two chemicals were provided stabilized with inhibitor (about 200 ppm 

and 20 ppm of hydroquinone monomethyl ether (MeHQ) in AAc and in BAc, 

respectively). The additional inhibitor used in this study was phenothiazine (PTZ) (99 

wt.%), also from Acros Organics. Isopropanol (≥ 99.9 wt.%) from Fisher Scientific was 

used as solvent in the chromatographic analysis (gas chromatography). 

A-15 resin was used as catalyst and adsorbent. This is a highly cross-linked 

polystyrene-divinylbenzene ion exchange resin functionalized with sulfonic groups, 
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which swells selectively in contact with a liquid phase multicomponent mixture, 

especially with polar species 20. This fact depends on the interactions between the fluid 

and the resin as well as on the amount of cross-links 21. In this work, the swelling ratios 

were measured at 323 K for all compounds of the system under study. The values are 

1.55, 1.54, 1.35, 1.08 for water, n-Butanol, AAc and BAc, respectively. Thereby, it is 

possible to conclude that A-15 has the following decreasing affinity order: water, n-

Butanol, acrylic acid and butyl acrylate, which is in accordance with the species polarity. 

The concentration of active sites of this resin is 4.7  meq H+.g-1 (dry matter), its surface 

area is 53 m2.g-1, its average radius is 372.5 µm and its particle porosity is 0.36 3. The 

catalyst/adsorbent was firstly washed with deionized water and then with ethanol. 

Afterward, it was dried at 363 K and prior to packing, the resin was immersed in n-

butanol. 

3.2.2. Analytical method 

All samples collected were analysed (at least two times) in a Shimadzu - GC 2010 

Plus gas chromatograph equipped with flame ionization and thermal conductivity 

detectors (FID and TCD, respectively). The compounds were separated using a silica 

capillary column (CPWax57CB, 25 m x 0.53 mm ID, film thickness of 2.0 µm).  Helium 

N50 was used as the carrier gas at a flow rate of 3.9 mL.min-1. The linear velocity was 

set to 30 cm.s-1 and the injection volume used was 0.8 µL with a split ratio of 15. The 

temperature of the injector and the TCD was set to 523 K while the temperature of the 

FID was set to 573 K. The initial column temperature was 393 K for 4.3 min, the 

temperature was then increased at 60 K.min-1 up to 473 K, remaining constant for the 

following 17 min. Isopropyl alcohol (isopropanol) was used as solvent. The global 

associated uncertainty of the measured molar fractions was ≤ 0.05. More details about 

calibration curves are presented in Appendix B. 

3.2.3. Experimental Setup and Procedure 

The experiments at 323 K were carried out in a laboratory-scale jacketed glass column 

which was kept at the desired temperature by a thermostatic bath, while the experiments 

at 363 K were performed in a stainless steel column able to withstand higher temperatures 

placed inside an oven (see Figure 3.1). The main differences between the setups used, 
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besides the columns, are the sampling, which is performed manually at 323 K and 

automatically at 363 K, and the number of HPLC pumps used. On the left side setup, only 

one HPLC pump was used to feed the column while on the right side setup, one HPLC 

pump was used for the adsorption mixture and another for the regeneration step, avoiding 

the need to purge the system. Both columns were packed with the sulfonic acid ion 

exchange resin A-15 and their characteristics can be seen in Table 3.1. 

 

 

 

(a) (b) 

Figure 3.1. Experimental setup: (a) jacket glass column used at 323 K 

(top-down flow direction); (b) stainless steel column used at 363 K (bottom-up 

flow direction). 

 

Table 3.1. Characteristics of the Fixed-Bed Columns. 

Characteristic/Column Jacketed glass Stainless steel 

Length of the column , bL (cm) 12.0 35.1 

Internal diameter of the column, intd (cm) 2.6 1.95 

A-15 weight (g) 24.9 41.0 

Bulk density, b ( g.dm-3) 390.8 391.0 
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Tracer experiments were carried out by pulse injections of a Dextran solution (15 

kg.m-3) in water, since Dextran is insoluble in n-Butanol. Samples of 0.2 cm3 were 

injected at different flow rates (5, 7.5 and 10 mL.min-1) using water as eluent and the 

column outlet concentration was monitored using a UV-VIS detector (Gilson, Model 

115) at 300 nm. At least, three runs were performed for each flow rate in order to check 

the stoichiometric time reproducibility of the experimental curves. 

The adsorption experiments were performed by feeding to the fixed-bed column 

different binary mixtures of known composition of a reactant and a product of the 

esterification reaction, at constant temperature and feed flow rate. In order to obtain the 

breakthrough curves, small samples were collected at the column outlet, at periodic time 

intervals, and analysed by gas chromatography according to the analytical method 

described above. The reactive adsorption experiments were performed in a similar way, 

but now by feeding reactive mixtures comprising n-butanol and AAc, to the fixed-bed 

column. In both cases, the experiments proceeded until no changes were observed in the 

outlet stream composition. 

Since BAc and AAc have high risk of polymerisation at high temperatures, 

preliminary tests were performed using binary mixtures of these compounds (AAc/Water 

and AAc/BAc) in batch conditions over A-15 resin at the same work temperatures during 

8 hours. No by-products were formed at 323 K; however, at 363 K, two new peaks were 

observed in the corresponding chromatograms, which can be butyl 3-butoxypropanoate 

or butyl 3- acryloxypropanoate, according to the literature 10 (3-butoxypropionic acid and 

butyl hydroxypropanoate, also possible by-products, were tested and excluded as 

possibilities). Nevertheless, the area ratios observed were less than 5 % (Ai/Atotal). 

Anyway, some adsorption experiments were repeated using PTZ as inhibitor to check its 

effect in the adsorption profile. The amount of PTZ used was 1000 ppm as suggested by 

Niesback and  co-workers 22. 

 

 Mathematical Model  

A mathematical model was developed to predict the internal concentration profiles or 

the concentration histories of a fixed-bed adsorptive reactor applied in the synthesis of 
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BAc using the A-15 resin as catalyst and water selective adsorbent, which takes into 

account the following assumptions: 

(i)  Isothermal operation; 

(ii)  Constant bed and packing porosities; 

(iii) Plug flow model with axial dispersion but negligible radial dispersion; 

(iv)  Velocity variations due to changes in the bulk composition; 

(v)  Mass transfer described by the linear driving force model; 

(vi)  Multicomponent adsorption equilibrium described by extended Langmuir 

isotherm model. 

The bulk fluid and pellet mass balances to component i are given by equations (3.1) 

and (3.2), respectively: 
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 (3.2) 

where u  is the interstitial velocity,   is the bed porosity and axD the axial dispersion 

coefficient , which was obtained from the Peclet number, according to equation (3.3); z 

is the axial dimension along the bed, pr is the particle radius and t  is time; 

b
ax

e

uL
D

P
  (3.3) 

In equation (3.2), ,L ik , iC  and ,p iC


 represent the global mass transfer coefficient, the 

bulk concentration and the average concentration in  the particle pores of component i, 

respectively; b  is the bulk density, p is the particle porosity, 
iq is the average adsorbed 

phase concentration of species i in equilibrium with ,p iC


, i is the stoichiometric 

coefficient of component i and r  is the reaction rate; ix represents the component molar 

fraction and CT the total concentration in the liquid phase. 
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The interstitial fluid velocity variation is given by equation (3.4), which was obtained 

from the total mass balance.  
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where VM,i is the molar volume of component i and NC is the number of compounds.  

The adsorption equilibrium of component i is described by the multicomponent 

Langmuir adsorption equilibrium isotherm: 

where iQ is the monolayer capacity and iK  is the equilibrium constant for component  i.  

It is known that, for thermodynamic consistency, the maximum molar capacity of an 

adsorbent should be the same for all species in order to follow the Langmuir equilibrium 

model assumption. However, this assumption is not verified for molecules of very 

different sizes 8. Therefore, in some scientific works it is assumed a constant monolayer 

capacity in terms of mass 23 or in terms of volumes 6. In this work, it was considered a 

constant volumetric monolayer capacity for all species, vQ , which is given by 

,v i M iQ Q V  . This assumption allowed reducing the adjustable adsorption parameters 

from 8 (one molar monolayer capacity and one equilibrium constant for each species) to 

5 (one volumetric monolayer capacity for all species and one equilibrium constant for 

each species), at each temperature. 

The rate of chemical reaction is given by the following equation 24: 

 

wherein ia  are the species activities (calculated using the UNIFAC model), the subscripts 

A, B, C and D refer to n-butanol, AAc, BAc and water, respectively, and ck , s,DK  and 
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eqK  are the kinetic constant, the water adsorption constant, and the thermodynamic 

equilibrium constant, respectively, which are, according to the literature 24, equal to: 

Initial and Danckwerts boundary conditions are given by equations (3.10) to (3.13), 

where the subscripts F and 0 represent the feed and initial conditions, respectively. 
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3.3.1. Mass transfer parameters 

In this model, a global mass-transfer coefficient was considered that combines external 

and internal mass transfer coefficients, ek  and ik  respectively, according to the 

resistances-in-series model given by the following equation: 

1 1 1
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where R is the ideal gas constant (J.mol-1.K-1), 

(3.7) 

, 1.589 0.100S DK    (3.8) 
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The internal mass-transfer coefficient was estimated by Glueckauf equation (3.15) 25 

while the external mass-transfer coefficient was estimated by the Wilson and 

Geankopolis correlation 26, expressed by equation (3.16). 

5 /M
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D
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
  (3.15) 
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where pSh and pRe  are the Sherwood and Reynolds numbers relative to the particle, 

respectively, described by equations (3.17) and (3.18). The Schmidt number, Sc  , was 

determined according to equation (3.19). 
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The infinite dilution diffusivities were estimated by the Scheibel correlation 27: 
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 (3.20) 

where ,0

B

AD  is the diffusion coefficient for a dilute solute A into a solvent B and B  is 

the viscosity of pure solvent B. 

Vignes equation 28, based on coefficients at infinite dilution, was used to predict the 

diffusion coefficient in concentrated solutions for binary systems: 

2 10 0

, , , ,( ) ( )
x x

B A A B A B B AD D D D 
 

(3.21) 

The diffusion coefficient for multicomponent concentrated solutions was determined 

by the Perkins and Geankoplis mixing rule 29: 
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where m  is the viscosity of the mixture and i is the viscosity of the component i.  

3.3.2. Numerical solution 

The numerical solution of this problem was obtained by using the commercial 

software gPROMS (general PROcess Modelling System) version 3.5.3, using a method 

of orthogonal collocation in finite elements (OCFEM); to this end, the axial dimension 

of the bed was discretized in 21 finite elements with 2 interior collocation points in each 

finite element and the DASOLV integrated solver was used to solve the remaining system 

of ordinary differential equations in time. For all simulations a tolerance of 10-5 was used. 

 

 Results and Discussion 

3.4.1.  Fixed-bed column characterization 

Tracer experiments were performed at 323 K to characterize the glass fixed-bed 

column in terms of Peclet number and bed porosity. These experiments were carried out 

by pulse injections of a Dextran solution, since its molecules are large enough to avoid 

entering in the resin particles pores. Figure 3.2 shows the tracer experimental and 

predicted results. The theoretical results were obtained using the proposed fixed-bed 

model without the reaction, adsorption and mass transfer terms, since these phenomena 

do not occur in the tracer experiments. 
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Figure 3.2. Tracer experiments with Dextran solution at different flow 

rates: 5 mL.min-1 (Q1: □), 7.5 mL.min-1 (Q2: Δ) and 10 mL.min-1 (Q3: ○) at 323K. 

Points and lines represent the experimental and simulated results, respectively. 

 

The bed porosity,  , and the Peclet number, Pe , were calculated according to 

equations (3.24) and (3.25), respectively, where rt  is the mean residence time and 2σ  is 

the variance of the residence time distribution curve. The results obtained are presented 

in Table 3.2. 
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Table 3.2. Tracer experimental results at 323 K. 

Run Q (mL.min-1) rt  (min)   Pe  σ2  (min2) 

1 5.0 4.87 0.42 107 0.446 

2 7.5 3.27 0.41 109 0.215 

3 10.0 2.45 0.41 116 0.199 

 

Regarding  the stainless steel column used for experiments performed at 363 K, despite 

its different dimensions (see Table 3.1), where the fixed-bed columns characteristics are 

presented), the bulk density is almost the same, which implies the same bed porosity 

(approximately 0.4). The Pe number was determined from the following empirical 

correlation valid for liquids in packed beds30: 
0.480.2 0.011p pPe Re   (subscript p 

corresponds to the particle), where /p p bPe Ped L . The Pe number obtained from this 

correlation was 226. In order to validate the correlation, the same was applied to calculate 

the Pe number of the glass column. The correlation gives a Pe equal to 82, while from 

the tracer experiments an average value of 110 was determined (Table 3.2).  

 

3.4.2.  Adsorption isotherms 

The multicomponent adsorption equilibrium was studied at two temperatures, 323 K 

and 363 K. The breakthrough curves of non-reactive pairs were measured in accordance 

to what was described in Section 3.2.3, in order to evaluate the A-15 performance in 

terms of adsorption capacity and selectivity for all compounds of the system under study. 

The possible binary mixtures to perform the breakthrough experiments in the absence of 

reaction are: n-Butanol/water, n-Butanol/BAc, AAc/water and AAc/BAc. 

3.4.2.1. Preliminary studies 

It has been referred in the literature 6, 8, 31 that it is extremely important to set the correct 

liquid flow direction, which should be based on the different species densities; bottom-
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up or top-down direction must be used in order to ensure that the component above the 

front is less dense than the component below the front. This condition avoids a possible 

axial backmixing phenomenon  driven by natural convection 8. An example is shown in 

Figure 3.3, where the results of two adsorption experiments performed at the same 

conditions but using opposite feed flow directions are presented. According to the results, 

the use of the bottom-up configuration results in more dispersive curves than when the 

correct configuration (top-down direction since a less dense mixture is being fed) is used. 

In all the experiments, the correct feed flow direction was considered, taking into account 

the densities of the species, which, at 363 K, are 746 kg.m-3, 823 kg.m-3, 963 kg.m-3 and 

970 kg.m-3, for n-Butanol, BAc, water and AAc, respectively. 

The effect of the presence of inhibitor was also studied by performing the same 

breakthrough experiment with and without PTZ. According to the suggested by Niesbach 

et al.22, in order to suppress the formation of by-products, it was ensured an amount of 

1000 ppm of PTZ along the column bed during the experiment. The breakthrough curves 

obtained are shown in Figure 3.4, where it is visible that the inhibitor has no significant 

effect on the adsorption results.  

  

Figure 3.3. Breakthrough 

curves for BAc displacing a BAc/AAc 

mixture (50/50 mol %) using different 

feed configuration: Top-down (■/●) 

and Bottom-up (□/○). 

Figure 3.4. Breakthrough curves 

for a mixture BAc/AAc (50/50 mol %) 

displacing a BAc solution using or not 

inhibitor: with PTZ (■/●) and without 

PTZ (□/○). 
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3.4.2.2. Adsorption experiments 

The adsorption results were used to calculate the experimental number of moles 

adsorbed/desorbed according to equation (3.26). Then, the parameters of the 

multicomponent Langmuir adsorption isotherms (equation (3.5) were determined by 

minimizing the difference between experimental and theoretical values (determined by 

equation (3.27), according to equation (3.28), and applying a Jackknife methodology 32. 

The same procedure was applied for the results at 323 K. 

 exp
0

C ( )F outn Q C t dt


   (3.26) 
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where 1   for adsorption step and ( 1)    for desorption step. 
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The final adsorption parameters for all species, as well as the respective molar volumes 

at 323 K and 363 K are summarized in Table 3.3.  

 

Table 3.3. Adsorption parameters over A-15 resin and molar volume at 

323 and 363 K. 

Component 
QV (mL.L-1

solid) K (L.mol-1) VM (mL.mol-1) 

323 K 363 K 323 K 363 K 323 K 363 K 

n-Butanol 

462.0 

± 2.0 

452.5 

± 10.8 

6.90 ± 1.51 7.07 ± 2.59 94.71 99.38 

Water 48.74 ± 7.39 22.74 ± 8.09 18.24 18.71 

Butyl Acrylate 2.67 ± 0.30 1.94 ± 0.34 147.65 155.65 

Acrylic Acid 3.51 ± 0.32 1.90 ± 0.45 70.85 74.31 

 

From Figure 3.5 to Figure 3.8, the breakthrough curves at 363 K for all the possible 

binary mixtures obtained using the correct liquid flow direction and without inhibitor 
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(except the inhibitor already present in the AAc and BAc purchased), are shown, while 

the adsorption results at 323 K are shown in Appendix C.  

 

  

(a) (b) 

 

 

(c)  

Figure 3.5. Breakthrough curves for n-butanol displacing n-Butanol/water 

mixtures (80/20 (a), 67/33 (b) and 55/45 (c) mol %) at 7.5 mL.min-1 and 363 K; Top-

down direction. 

The experimental results were, generally, well predicted by the mathematical model 

using the optimized adsorption parameters presented in Table 3.3. For the pair n-

butanol/water, Figure 3.5, the mean deviations obtained between experimental and 

theoretical amounts of n-butanol adsorbed are 1.1, 1.7 and 0.2 % for the results presented 

in (a), (b) and (c), respectively. For water, deviations of 2.0 % (a) and 0.9 % ((b) and (c)) 

between the experimental and theoretical desorbed amounts were observed. 
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(a) (b) 

 

 

(c)  

Figure 3.6. Breakthrough curves for n-butanol/BAc mixtures (0/100 (a), 

80/20 (b) and 33/67 (c) mol %) displacing n-butanol at 7.5 mL.min-1 and 363 K; 

Bottom-up direction. 

 

Regarding the n-Butanol/BAc pair (Figure 3.6), the differences obtained between the 

experimental amount adsorbed of BAc and the one predicted  were 0.7, 7.9 and 1.5 % for 

the experiments shown in (a), (b) and (c), while for the amount desorbed of n-butanol the 

mean deviations obtained were 0.6, 8.0 and 0.8 %, respectively.  
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(a) (b) 

 

 

(c)  

Figure 3.7. Breakthrough curves for AAc/Water mixtures (50/50 (a), 30/70 

(b) and 10/90 (c) mol %) displacing Water at 7.5 mL.min-1 and 363 K; Bottom-up 

direction. 

 

Higher deviations between the experimental results and the model predictions were 

observed for AAc/water mixture (Figure 3.7). A mean deviation of about 20 % for the 

amount adsorbed/desorbed of AAc/water were observed, except for the experiment (b) 

for which it was found a mean deviation of 6.4% between the experimental and 

theoretical number of moles for both species. This large deviation might be caused by 

some polymerisation of AAc in the column despite the fact that in the experiments 

performed using AAc, the concentration of this species was never higher than 50 mol %, 

because of the risk of polymerisation and also in order to avoid possible corrosion of the 

experimental setup components such as the HPLC pumps. Nevertheless, it is known that 

AAc tends to polymerise at high temperatures 22, 33, 34. Indeed, after the adsorption 
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experiments performed with this binary mixture, the column was opened and it was 

observed the presence of an apparently viscous polymer like a colourless gel with elastic 

properties in the bulk. However, no significant amount of other species were detected in 

the liquid phase (less than 5% of Ai/Atotal) as already reported by other authors 33.  

 

  

(a) (b) 

  

(c)  

Figure 3.8. Breakthrough curves for AAc/BAc mixtures (50/50 (a), 35/65 (b), 

10/90 (c), 0/100 mol %) displacing BAc at 7.5 mL.min-1 and 363 K; Bottom-up 

direction. 

 

For the pair BAc/AAc, both species with high risk of polymerisation, good results 

were obtained as can be observed in Figure 3.8, resulting mean deviations of 0.2 (a), 3.0 

(b), 12.3 (c) and 8.0 % (d) between experimental and predicted amounts desorbed of BAc 

and 0.9 (a), 1.9 (b), 11.2 (c) and 7.0 % (d) for the amounts adsorbed of AAc. Accordingly, 
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this fact leads to conclude that, besides the high temperature, water had the main role in 

the formation of the polymer observed in the experiments with AAc/water, like it happens 

in the hydrogel synthesis. This kind of polymers, as polyacrylic acid (PAA), are formed 

in the aqueous phase and they have water holding capacity and permeability as important 

characteristics, leading to the formation of a network that swells 35. This process leads to 

believe that there was a change in the bulk conditions during these experiments 

(AAc/water), which can also explain the deviation of the breakthrough curves in relation 

to the predicted by the model. Nevertheless, the experimental adsorption results were 

overall well described by the considered mathematical model. 

 

3.4.3.  Fixed-bed adsorptive reactor 

A simulation study was performed in order to predict the performance of the fixed-

bed adsorptive reactor (FBR), at 323 and 363 K, when an equimolar mixture of reactants 

(AAc and n-Butanol) is fed at 1 mL.min-1 to the fixed-bed column (stainless steel) 

saturated with n-Butanol. It was concluded that, at 323 K, the conversion achieved under 

these conditions is small due to the low reaction rate. At steady state, the conversion 

obtained is 17 %, which is significantly smaller than that attained in equlibrium 

conditions (56 %). Indeed, at this temperature, the reaction equilibrium conversion for an 

equimolar mixture of AAc and n-butanol can only be achieved for a FBR space-time of 

approximately 186 min. 

In order to increase the reaction rate, attain higher conversions and, consequently, 

better performance in the BAc production, the reaction plus adsorption experiments were 

conducted at 363 K.  

A first experiment (FBR1) was performed by feeding a mixture comprising AAc and 

n-butanol in the stoichiometric amount, at a flow rate of 1.3 mL.min-1, to the stainless 

steel column packed with A-15 saturated with n-butanol (Figure 3.9). As soon as the 

reactive mixture enters the column it is adsorbed by A-15 and starts to react producing 

BAc and water in stoichiometric amounts. As shown in Figure 3.9, BAc is the first eluted 

species, while water is the last, in accordance with the resin affinity towards these 

components (BAc is the less adsorbed component; water is the most adsorbed one). The 

concentration profiles evolution continues until the resin is completely saturated with 
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water. After this, the selective separation of BAc and water is no longer possible, the 

outlet stream composition remains constant and the FBR achieves the steady state. A 

maximum concentration of the desired product (BAc) equal to 5 mol.L-1, at 

approximately 85 min, was achieved, which significantly overcomes the equilibrium 

concentration that is equal to about 3 mol.L-1 (represented by a dashed line in Figure 3.9). 

This result demonstrates the potential of sorption enhanced reactor technologies, as the 

FBR and the SMBR, for the BAc production. After the FBR1 experiment, a regeneration 

step was performed by feeding n-butanol at a flow rate of 7.5 mL.min-1 to the column in 

order to displace all the adsorbed components. The concentration histories obtained at the 

fixed-bed column outlet during the regeneration step (FBR1_R) are shown in Figure 3.10, 

where it can be observed that AAc and BAc are completely eluted after 12 min, while 

water requires about 60 min to be desorbed using therefore a significant larger amount of 

n-butanol than the other species. In both reactive and regeneration steps the model 

describes reasonably well the experimental results (see Figure 3.9 and Figure 3.10).  

 

Figure 3.9. FBR1 - Experimental and simulated concentration histories 

at the outlet of the fixed-bed adsorptive reactor initially saturated with n-butanol 

and fed with a mixture of AAc/n-butanol (Cn-butanol,F = 5.88 mol.L-1 and CAAc,F = 

5.60 mol.L-1); Bottom-up feed configuration; Q = 1.3 mL.min-1 and T = 363 K. 

Dashed line represents the concentration of BAc in equilibrium, in batch 

conditions. 
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Figure 3.10. FBR1_R - Experimental and simulated concentration 

histories at the outlet of the fixed-bed adsorptive reactor for the regeneration 

step with n-butanol; Top-down feed configuration; Q = 7.5 mL.min-1 and T = 

363 K. 

 

In order to validate the mathematical model, additional reactive adsorptive 

experiments were performed under different conditions: FBR2 - an equimolar reactants 

ratio solution was fed at a flow rate of 0.9 mL.min-1 (Figure 3.11) and FBR3 - a mixture 

with reactants molar ratio 3:1 ( n-butanol: AAc) was fed at a flow rate of 1.0 mL.min-1 

(Figure 3.12).  
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Figure 3.11. FBR2 - Experimental and simulated concentration histories at 

the outlet of the fixed-bed adsorptive reactor initially saturated with n-butanol and 

fed with a mixture of AAc/n-butanol (Cn-butanol,F =  5.91 mol.L-1 and CAAc,F = 5.67 

mol.L-1); Bottom-up feed configuration; Q = 0.9 mL.min-1 and T = 363 K. Dashed 

line represents the concentration of BAc in equilibrium,  in batch conditions. 

 

 

Figure 3.12. FBR3 - Experimental and simulated concentration histories at 

the outlet of the fixed-bed adsorptive reactor initially saturated with n-butanol and 

fed with a mixture of AAc/n-butanol ( Cn-butanol,F = 8.35 mol.L-1 and CAAc,F = 2.28 

mol.L-1); Bottom-up feed configuration; Q = 1.0 mL.min-1 and T = 363 K. Dashed 

line represents the concentration of BAc in equilibrium,  in batch conditions. 
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Once again, in both cases, the column was previously saturated with n-butanol. The 

behaviour observed in the species concentration histories at the column outlet shown in 

Figure 3.11 is similar to the one described above for the FBR1. The outlet concentrations 

of both reactants and products at the steady state should be the same (as in experiment 

FBR1); however, this is not observed in the case of the products (water presents a lower 

concentration than BAc), which might be due to errors associated with the analytical 

method. Due to the simultaneous reaction and separation steps, in the FBR2 experiment, 

it was possible to obtain a BAc maximum concentration 38 % higher than the equilibrium 

concentration. The FBR2 and FBR3 experimental results are also reasonably well 

described by the considered mathematical model as can be seen in Figure 3.11 and Figure 

3.12, respectively. Nevertheless, the quality of the fittings was determined quantitatively 

by computing the respective correlation coefficient,
2

corrR , according to the following 

equation: 
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(3.29) 

where NC, NE and NP are the number of compounds, experiments and data points, 

respectively. The value obtained for this parameter was 0.975, confirming that the 

implemented mathematical model describes with good accuracy the concentration 

histories of all compounds in fixed-bed adsorptive reactor experiments. 

 

 Conclusions 

The feasibility of the butyl acrylate production in a fixed-bed adsorptive reactor 

packed with Amberlyst-15 ion exchange resin was assessed.  

An adsorption study using non-reactive binary mixtures was performed, at 323 and 

363 K, in order to determine the adsorption parameters of the selected isotherm 

(multicomponent Langmuir isotherm) at these two temperatures. The resin affinity 

towards the species involved in butyl acrylate synthesis in descending order is: water, n-

butanol, acrylic acid and butyl acrylate. 
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Reactive adsorption experiments were also performed under different conditions in 

order to validate the proposed mathematical model that considers: isothermal operation, 

axial dispersion, constant bed volume and packing (porosity), internal and external mass-

transfer resistances and velocity variations due to changes in the bulk composition. This 

model is efficient in the prediction of adsorption, reaction and regeneration steps and it 

will be an important tool to implement and develop sorption enhanced reaction 

technologies. This type of reactors is very promising for the sustainable BAc synthesis as 

proved by the conversions significantly above the equilibrium attained in the fixed-bed 

adsorptive reactor.  

 

 Notation 

Abbreviations 

AAc Acrylic Acid 

A-15 Amberlyst-15 

BAc Butyl Acrylate 

FID Flame Ionization Detector 

FBR Fixed-Bed Adsorptive Reactor 

gPROMS General Process Modelling System 

PTZ Phenothiazine 

RD Reactive Distillation 

SMBR Simulated Moving Bed Reactor 

TCD Thermal Conductivity Detector 

 

Symbols   

a  Liquid phase activity - 

C  Liquid phase concentration mol.m-3  

pC  Average liquid phase concentration inside the particle mol.m-3 
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tC  Total liquid phase concentration mol.m-3 

intd  Internal diameter of the column m 

0

,A BD  
Diffusion coefficient for a dilute solute A into a 

solvent B 
m2.s-1 

,A BD  Diffusion coefficient for binary concentrated solutions m2.s-1 

axD  Axial dispersion coefficient m2.s-1 

MD  Molecular diffusivity m2.s-1 

pd  Particle diameter m 

K  Langmuir equilibrium parameter m3.mol-1 

ik  Internal mass transfer coefficient mm.s-1 

ek  External mass transfer coefficient m.s-1 

ck  Reaction kinetic constant mol.kg-1.min-1 

eqK  Equilibrium constant - 

sK  Adsorption constant (in the reaction rate law) - 

Lk  Global mass transfer coefficient m.s-1 

bL  Bed length m 

n  Number of moles mol 

Pe  Peclet number - 

q  Average solid phase concentration in equilibrium with pC  mol.m-3
solid 

Q  Molar adsorption capacity ( M,/i v iQ Q V )  mol.m-3
solid 

vQ  Volumetric monolayer capacity m3.m-3
solid 

r  Reaction rate mol.kg-1.min-1 

pr  Particle radius m 

pRe  Reynolds number relative to the particle - 

Sc  Schmidt number - 

pSh  Sherwood number relative to the particle - 

T  Temperature K 
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rt  Mean residence time min 

u  Interstitial velocity m.s-1 

MV  Molar volume in the liquid phase m3.mol-1 

x  Liquid phase molar fraction - 

z  Fixed-bed adsorptive reactor axial coordinate m 

  

Greek Letters 
 

  Bulk porosity - 

p  Catalyst/adsorbent particle porosity  - 

  Correction factor  - 

  Fluid viscosity kg.m-1.s-1 

m  Mixture viscosity kg.m-1.s-1 

  Fluid phase density kg.m-3 

b  Bulk density kg.m-3 

  Tortuosity - 

 
 

Subscripts 
 

exp  Experimental  

the  Theoretical   

i  Relative to component i (n-butanol, water, BAc or AAc)  

0 Relative to initial conditions  

F  Relative to feed  

out  At the outlet of the fixed-bed column  

p  Relative to particle  
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4.  Fixed-Bed Membrane Reactor 

Experimental pervaporation data for multicomponent mixtures in absence of reaction 

were measured for the compounds involved in the esterification reaction of acrylic acid 

with n-butanol at different temperatures: 323 K, 353 K and 363 K. A commercial tubular 

microporous silica membrane from Pervatech was used which is highly selective to water 

and its performance was evaluated by studying several parameters like the selectivity, 

permeate fluxes, driving force of species and separation factor. The effect of temperature 

and feed composition were assessed for binary, ternary and quaternary mixtures. The 

permeance of each species was correlated with temperature according to Arrhenius 

equation and a mathematical model was proposed to develop an integrated reaction-

separation process using the experimental data obtained.  

 

 

 

 

 

 

 

 

 

This Chapter is adapted from Constantino, D.S.M., R.P.V. Faria, A.M. Ribeiro, J.M. Loureiro, A.E. 

Rodrigues, Performance Evaluation of Pervaporation Technology for Process Intensification of Butyl 

Acrylate Synthesis, Ind. Eng. Chem. Res. 2017, 56 (45), pp 13064–13074. DOI: 10.1021/acs.iecr.7b0132. 
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 Introduction 

Membrane pervaporation process is a very interesting technology for organic-water 1-

8 and organic-organic separations 9-11, being more advantageous than distillation which 

presents considerable thermodynamic limitations 12 and depends on the relative 

volatilities 13. It is a very effective separation technique for systems that involve  heat-

sensitive products and azeotropic mixtures 13 since this process involves a transport 

mechanism based on physical-chemical interactions between the membrane material and 

the permeating molecules allowing to operate at lower temperatures than distillation 

process, for instance. Moreover, membrane pervaporation offers many other benefits 

such as high selectivity, low energy consumption, moderate cost to performance ratio, 

compact and modular design 14.  

Typically, in industry its main applications are related to the dehydration of organic 

solvents or solvents mixtures. However, the pervaporation membrane benefits can be 

strengthened when combined with one or more separation techniques, usually known as 

pervaporation-based hybrid processes. Likewise, the pervaporation membrane may also 

appear linked with chemical reaction, extending its application field. As a result, a 

different type of reactors is generated, the pervaporation membrane reactors (PMR), 

which have a great potential to improve the reaction conversion of equilibrium limited 

reactions, as the esterification reactions case. Over the years, pervaporation-based hybrid 

processes have been investigated 14-20, mainly for intensification of esterification 

reactions 21, showing to be very advantageous from the process intensification (PI) point 

of view since they enable reducing the concentrations and the flow rates to be treated and, 

consequently, the energy requirement and associated costs 20. Different configurations of 

PMR can be used: coupling a pervaporation unit to the reactor or integrating the 

pervaporation unit and the reactor in the same unit. Both configurations can be useful for 

the esterification reaction of acrylic acid (AAc) with n-butanol; however, the most 

promising comprises the process integration in the same unit where the reaction 

conversion can be favoured towards butyl acrylate (BAc) production by the continuous 

water removal (by permeation) from the reaction medium. 
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Although a pervaporation-based hybrid process has already been investigated for the 

esterification of acrylic acid with n-butanol 22, presenting a significantly enhanced 

reaction conversion (31% at 358 K, for instance, in the presence of pervaporation), 

experimental pervaporation data for the multicomponent mixture in absence of reaction 

were no reported. Nevertheless, these experimental data are required to understand the 

influence of the different compounds in the performance of the membrane for the global 

process (reaction combined with pervaporation). Moreover, in that work, where a batch 

reactor was coupled with a Pervap 2201 polymeric membrane considering Amberlyst 131 

ion exchange resin as catalyst, the driving force was not studied.  

In the present Chapter, a multicomponent pervaporation study for the compounds 

involved in the BAc production in the absence of reaction was performed, for the first 

time, at different temperatures, 323, 353 and 363 K and different parameters were 

evaluated, including the driving force. For that, a commercial tubular inorganic 

membrane was used since it presents better stability under acidic and high temperature 

conditions than polymeric membranes, being the best alternative for the dehydration of 

the reaction medium 16. According to the literature 23, commercial microporous silica 

membrane from Pervatech showed better selectivity and water flux than the one from 

Pervap SMS from Sulzer Chemtech in dehydration of aqueous mixtures, so a Pervatech 

BV membrane was considered. The activation energies were also estimated by the 

dependence of permeance on temperature for each compound taking into account the 

driving force. A mathematical model was developed considering the mass transport under 

isothermal and non-isothermal conditions and it was applied for the study of enhanced 

esterification reaction of AAc with n-butanol by combining a fixed-bed reactor (FBR) 

with a pervaporation membrane. This configuration was already investigated for other 

esterification reactions as the esterification of oleic oil with ethanol 24, for which an 

increase of 3 % of the limiting reactant conversion was observed for the pervaporation-

assisted reaction, and the esterification of lactic acid with ethanol 16, for which the 

integration of a pervaporation membrane increased more than twice the limiting reactant 

conversion of a conventional FBR process, considering isothermal conditions. 

Moreover, it is important to refer that all experimental pervaporation data presented in 

this Chapter will be useful to design and optimise the Simulated Moving Bed Membrane 
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Reactor (PermSMBR) and other different configurations of pervaporation-based hybrid 

processes for BAc synthesis.  

 

 Experimental Data 

4.2.1. Chemicals and materials 

The chemicals used in the pervaporation experiments were n-butanol (≥ 99.9 wt.%) 

from Fisher Scientific, acrylic acid (≥ 99.0 wt.%) and butyl acrylate (≥ 99.5 wt.%) from 

Acros Organics. Acrylic acid and butyl acrylate were provided stabilized with inhibitor 

(about 200 ppm and 20 ppm of hydroquinone monomethyl ether, respectively). The 

additional inhibitor used in this study was phenothiazine (PTZ) (99.0 wt.%), also from 

Acros Organics. Isopropanol (≥ 99.9 wt.%) from Fisher Scientific was used as solvent in 

the chromatographic analysis. 

A commercial Hybrid Silica AR membrane supplied by Pervatech BV (The 

Netherlands) was used, which presents hydrophilic characteristics. It consists of a 

modified silica selective layer coated onto gamma alumina and its separation layer is 

applied inside of an asymmetric ceramic tube that has an outer diameter of 10 mm, an 

inner diameter of 7 mm, and a length of 50 cm. This membrane has an effective area per 

tube of about 110 cm2. It is able to be in contact with any solvent at any concentration; 

however, it is sensitive to extremely acidic and alkaline media being the limit pH range 

from 0.5 to 8.5. 

4.2.2. Analytical method 

All samples collected were analysed (at least two times) in a Shimadzu - GC 2010 

Plus gas chromatograph equipped with a flame ionization detector (FID). The compounds 

were separated using a silica capillary column (CPWax57CB, 25 m x 0.53 mm ID, film 

thickness of 2.0 µm). The temperature of the injector was set to 523 K while the 

temperature of the FID was set to be 573 K. The initial column temperature was 353 K 

for 5 min, the temperature was then increased at 353 K.min-1 up to 473 K and kept 
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constant for the following 7 min. Helium N50 was used as the carrier gas and the linear 

velocity was set to 30 cm.s-1. Isopropyl alcohol was used as internal standard and acetone 

as cleaning solvent. The injection volume used was 1.0 µL with a split ratio of 30 for 

permeate samples, which are more diluted in water, and 90 for the retentate samples. 

Water content was determined from mass balances. The global associated uncertainty of 

the measured molar fractions was ≤ 0.05.  

4.2.3. Experimental setup and procedure  

The experimental data were measured in a pervaporation membrane unit at pilot scale 

which is represented in Figure 4.1. This unit can work either in batch or continuous mode 

at temperatures up to 373 K and it is equipped with a temperature sensor (TI) (type K 

thermocouple, with accuracy of about ± 2.2 K) and pressure sensors (PI). The absolute 

pressure is measured through two analogue dials, with accuracy of about ±0.5 bar, filled 

with glycerine and the permeate pressure is measured through one digital dial (ceraphant-

T PTC31) with accuracy of about ±1 mbar. The temperature was controlled by a 

thermostatic bath (Lauda, Germany) with thermal M bath fluid (able to operate from 313 

to 443 K) that flows through the feed vessel jacket; the pressure was set to 1.5 bar by 

applying an overpressure of helium to the system in order to prevent vaporisation of feed 

mixture over the whole temperature range. 

Firstly, the feed vessel was charged with approximately 1.5 L of solution and the 

heating was switched on at the desired temperature. A positive displacement diaphragm 

pump (Hydra Cell G-03, Wanner International) was used to recirculate the feed solution 

over the entire system including the membrane in order to keep it at the same temperature 

in absence of vacuum on the permeate side. When the temperature is constant, the 

pervaporation experiment was started by applying vacuum to the permeate side with a 

vacuum pump (Boc Edwards, U.K.). Two parallel glass cold trap partially submerged in 

liquid nitrogen allowed the condensation of the permeate vapour. In the beginning, a 

cleaning procedure was performed by collecting the permeate sample during the first 

minute for a glass cold trap which was then rejected. After that, the permeate sample was 

collected in the other cold trap which was defrosted at the end of the experiment to be 

weighted and analysed by gas chromatography. 
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Along these measurements, it is important to keep the feed composition nearly 

constant, so the duration of each experiment was conditioned by the trade-off between 

ensuring a constant feed composition and a reasonable amount of permeate. Samples 

were collected before and after each experiment in order to verify the feed composition. 

The reproducibility was checked by collecting two or three permeate samples under 

steady state conditions at each temperature. 

 

Figure 4.1. Setup of pervaporation membrane pilot scale unit. 

 

 Mathematical Model 

The experimental pervaporation data measured for the silica membrane selected were 

used in mathematical model that was developed to predict the behaviour of the separation 

process, considering the following assumptions:  

(i) Non-isothermal operation due to the heat consumption for species vaporisation; 

(ii) Plug flow (retentate stream);  

(iii) Retentate velocity variations inside the membrane due to the permeation of the 

components;  

(iv) Concentration polarisation due to the global membrane resistance (diffusive 

transport in the boundary layer combined with the membrane resistance); 

(v) Continuous process once it is a process integrated with the FBR unit.  
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Retentate mass balance to component i: 

 ,,
0

s ret iret i

m i

u CC
A J

t z


  

 
 

(4.1) 

where 𝑧 is the axial coordinate in the membrane modules, Cret is the liquid phase 

concentration in the retentate side, 𝑢𝑠 is the superficial velocity, 𝐴𝑚is the membrane area 

per unit membrane modules volume and 𝐽𝑖  is the permeate molar flux of specie i, through 

the membrane, defined as:  

 0

,i ov i i i i permPJ k a y P   (4.2) 

 

where 𝑘𝑜𝑣,𝑖 is the global membrane mass transfer coefficient, that combines the resistance 

due to the diffusive transport in the boundary layer with the membrane 7 resistance:  

0

,
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Q x
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k
   (4.3) 

For laminar flow and Graetz number,  2 /int s m md u D L , much greater that one, the mass 

transfer coefficient for transport in the boundary layer, blk , is determined by the Lévêque 

correlation 25 :  

0.33

0.33 0.331.62 int
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d
Sh Re Sc

L

 
  

 
 , (Re < 2300) 

 

(4.4) 

where /bl t MinSh k d D , /int sRe d u   and / ( )MSc D   are the Sherwood, Reynolds and 

Schmidt numbers, respectively,  MD is the solute diffusivity in the boundary layer, 𝑑𝑖𝑛𝑡 

is the internal diameter of the tubular  membrane, mL  is the membrane length,   is the 

density and   is the viscosity. 

The mole fraction of component i in the vapour phase (permeate side), iy , is defined 

as:  

1

i
i n
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J
y

J

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The fluid velocity variation in the membrane feed side is calculated from the total mass 

balance: 

,

,

1 1

n n
M is

s i m i M i

i i

dVdu
u C A J V

dz dz 

    (4.6) 

 
where n is the total number of components and ,M iV it is the molar volume of component 

i. 

Retentate heat balance: 
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where ,
ˆ

p iC  is the liquid heat capacity of component i, T is the absolute temperature in the 

feed side of the membrane, mT  is the membrane absolute temperature, and fh is the heat 

transfer coefficient in the liquid boundary layer.  

Membrane heat balance: 
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where   is the membrane thickness, and 
v

iH is the heat of vaporisation of species i. 

The heat transport coefficient was estimated by the Sieder-Tate correlation, valid for 

laminar pipe flow 26: 
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 (4.9) 

 

where /u f intN h d   and ,
ˆ /p iPr C   are the Nusselt and Prandtl numbers, 

respectively,  and m  are the viscosity of the liquid in the feed and in the membrane, 

and 𝜆 is the thermal conductivity.  
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Initial and boundary conditions: 

t = 0:  FT T  

, 0,ret i iC C  

(4.10) 

(4.11) 

z = 0:  FT T  

          , ,ret i F iC C  

(4.12) 

(4.13) 

 where subscripts 0 and F refer to initial state and membrane feed conditions, respectively.  

The molar fractions of all the components at the outlet of the membrane (retentate 

side) were also calculated: 

,
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C



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where  , ,   1out i ret i z
C C


 . 

The FBR was simulated according to the mathematical model described in Chapter 3 

(Section 3.3). 

4.3.1. Numerical solution 

The numerical solution of this problem was obtained by using the commercial 

software gPROMS (general PROcess Modelling System) version 4.2.0, using orthogonal 

collocation in finite elements (OCFEM) with second order polynomials and one internal 

collocation point in each element; to this end, the axial dimension of the membrane was 

discretized in 100 finite elements. The DASOLV equation solver was used to solve the 

resulting system of ordinary differential equations in time. For all simulations, a tolerance 

of 10-5 was considered.  
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 Results and Discussion 

4.4.1. Preliminary study 

A preliminary study was performed to find the minimal feed flow rate required to 

operate in absence of mass transfer resistance in the boundary layer due to concentration 

polarisation effects. This phenomenon is related to the accumulation of the retained 

species near the membrane surface and, consequently, their concentration will be higher 

in the boundary layer (adjacent to the membrane surface) than in the bulk 27. Generally, 

concentration polarisation results from the depletion of the most permeable component 

in the vicinity of the feed/membrane interface and it is due to the slow diffusion of the 

solute from the bulk of the feed to the boundary layer 28. The membrane flux and 

separation efficiency may be severely impaired due to polarisation 29. 

The effect of mass transfer in the boundary layer was investigated with a binary 

mixture of n-butanol and 31 % of feed water mole fraction at constant temperature, 323 

K, by varying the feed flow rate. According to Figure 4.2, this effect is negligible for flow 

rates higher than approximately 150 L.h-1, since the total permeate flux remains constant 

from above this value. Therefore, all pervaporation experiments were carried out at 200 

L.h-1 ensuring the absence of mass transfer resistance. 

 

 

Figure 4.2. Total permeate flux as function of feed flow rate (Pperm = 35 

mbar, T  =  323  K, xwater = 0.309). 
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4.4.2. Pervaporation data  

The performance of the membrane for the n-butanol/AAc/BAc/water system was 

evaluated by measuring pervaporation data for different mixture compositions in absence 

of reaction at three different temperatures: 323, 353 and 363 K. A pressure of 45 mbar 

was set in permeate side for all runs. The esterification reaction between AAc and n-

butanol presents a very slow kinetics, according to the literature 30, which allows to 

measure pervaporation data for quaternary mixtures in absence of reaction even at high 

temperatures, since no catalyst was used. This fact was verified by collecting feed 

samples after each experiment and analysing them by gas chromatography. All 

experimental mixture compositions considered in this work are presented in Table 4.1. 

 

Table 4.1. Feed molar compositions of the different mixtures studied. 

Mixture x,n-butanol x,water x,BAc x,AAc 

B1 0.741 0.259 - - 

B2 0.800 0.200 - - 

B3 0.911 0.089 - - 

B4 0.940 0.060 - - 

T1 0.652 0.159 0.189 - 

T2 0.795 0.109 0.096 - 

T3 0.526 0.061 0.413 - 

Q1 0.708 0.095 0.097 0.100 

Q2 0.587 0.175 0.176 0.062 

 

 The feed compositions reported are the average of the feed composition values at the 

beginning and at the end of the time interval of the permeate sample collection. However 

the molar fraction of each component did not change more than 1 % .These mixtures were 

prepared taking into account the miscibility ranges, which were studied by the UNIFAC-

DMD model using the database available in the software Aspen Plus (version 8.6) and 

can be observed in the ternary diagram presented in Figure D.1 (see Appendix D). The 

pair n-butanol/water (mixtures B1 to B4 in Table 4.1) was initially studied since it 
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represents the extract stream of the SMBR process for the system in study. The 

AAc/Water binary was not considered due to the high risk of polymerisation described 

in the literature 31 apart from membrane safety issues. Regarding the pair BAc/water, 

there is a large area of immiscibility (Figure D.1, Appendix D), so this pair was also not 

studied. Three different ternary mixtures (T1 to T3) were selected taking into account the 

same feed water molar fraction studied in the binary mixtures for membrane performance 

comparison besides the miscibility range. One quaternary composition (Q1) was selected 

to have the same feed water molar composition of binary and ternary mixtures for 

performance comparison (± 10 % of water). The other mixture (Q2) represents the 

equilibrium composition of the esterification reaction between n-butanol and AAc with a 

molar feed ratio (3:1) since n-butanol is the eluent in SMBR based processes being 

always in excess in relation to the other components.  

4.4.2.1. Dehydration of n-butanol: Effect of temperature and feed water 

composition 

Temperature is a very important parameter in pervaporation processes as reported in 

the literature 13, 22, 32. Therefore, the influence of the temperature on the total permeate 

flux was analysed, which can be observed in Figure 4.3. Moreover, the effect of the feed 

water molar fraction on this parameter (total permeate flux) can be analysed in the same 

figure (Figure 4.3) while the effect of the feed water molar fraction on the permeate 

composition is presented in Figure 4.4. 

 

Figure 4.3. Total permeate flux as a function of temperature for different 

n-butanol/Water binary mixtures. 
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Figure 4.4. Permeate composition as a function of feed water molar 

composition for n-butanol/water binary mixtures (circles: water, triangles: n-

butanol). 

 

According to the experimental results presented in Figure 4.3, it is possible to observe 

that the total permeate flux increases with the operating temperature and the feed water 

mole fraction. The use of alumina as intermediate layer increases the hydrophilicity of 

the membrane, promoting adsorption and diffusion of water 33, leading to higher 

selectivity for this species. The experimental selectivity values obtained for the studied 

membrane were between 5 and 160 (𝑆 = 𝑄𝑊𝑎𝑡𝑒𝑟/𝑄𝑛−𝐵𝑢𝑡𝑎𝑛𝑜𝑙) which is within the range 

reported in the literature for microporous silica membranes 1. Thus, the total permeate 

flux was mainly composed by water, as shown in Figure 4.4 (yw ≥ 96 %), which 

substantially increased with the feed water mole fraction due to the higher driving force 

in mixtures with large feed water content. The effect of the feed water mole fraction and 

temperature in the water driving force is presented in Figure 4.5. 
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Figure 4.5. Influence of temperature and feed water mole fraction on the 

driving force of water. 

 

On the other hand, the separation of liquid mixtures by partial vaporisation through a 

membrane is the principle behind pervaporation processes 21, so in this kind of processes 

the mass transfer is accompanied with heat transfer 13. In this way, increasing the 

temperature also increases the driving force for water since the heat required for a phase 

change from the liquid to the vapour phase is lower for this compound than for n-butanol, 

presenting a higher vapour pressure for the same temperature (see Table 4.2), leading to 

higher permeate fluxes. 

 

Table 4.2. Vapour pressure (bar) for water, n-butanol, Butyl Acrylate and 

Acrylic Acid at different temperatures 34. 

Compound/ Temperature (K)  323 353  363  

Water 0.124 0.473 0.701 

n-Butanol 0.047 0.224 0.349 

Butyl Acrylate 0.029 0.110 0.163 

Acrylic Acid 0.024 0.105 0.162 
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4.4.2.2. Multicomponent pervaporation data for butyl acrylate system 

Similarly, a multicomponent pervaporation study was performed for the compounds 

involved in the BAc production in absence of reaction and different parameters were 

evaluated. Several ternary and quaternary mixtures were considered according to Table 

4.1. Regarding the feed water composition and temperature effects, both parameters 

increase the total permeate flux like happened in the binary mixture as is shown in Figure 

4.6 (ternary mixtures) and Figure 4.7 (quaternary mixtures).  

 

Figure 4.6. Total permeate flux as a function of temperature for different 

ternary mixtures: n-butanol/ water/BAc (black triangles: T1, grey triangles: T2, 

white triangles:  T3). 
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Figure 4.7. Total permeate flux as a function of temperature for different 

quaternary mixtures: n-butanol/AAc/BAc/water (black squares: Q1, white 

squares: Q2). 

 

In order to understand the effect of the presence of the remaining compounds on the 

total permeate flux, different mixtures (binary, ternary and quaternary) with similar feed 

water molar composition are compared in Figure 4.8. 

 

Figure 4.8. Total permeate flux as a function of temperature for the same 

feed water molar compositions (± 10 %): circles: binary mixture B3, triangles: 

ternary mixture T2, black squares: quaternary mixture Q1, white squares: 

quaternary mixture Q2). 
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The same conclusions reported previously for the binary system are valid for the 

multicomponent system. However, the total permeate flux decreases about 30 % when 

the BAc is present in the feed solution (ternary mixture T2) in relation to the binary 

mixture (B3) with the same feed water mole fraction. Regarding AAc, its presence 

together with BAc in the feed solution (Q1) leads to a loss of 56 % of the total permeate 

flux in relation to the binary with the same feed water mole fraction (B3). In the same 

way, if the quaternary (Q2) and the binary (B3) mixtures are compared, although the first 

has almost twice of the feed water content of the second, both show identical total 

permeate flux. These facts suggest that the presence of molecules like BAc and AAc 

induces higher mass transfer resistances in the boundary layer of the membrane 

significantly hindering the water flux. Nevertheless, their composition on the permeate 

stream is residual as it is shown in Figure D.2 (permeate stream compositions for ternary 

mixtures) and Figure D.3 (permeate compositions for quaternary mixtures), which are 

presented in Appendix D (see Section D.2). 

 The membrane selectivity towards the studied species follows the order: water > n-

butanol > AAc > BAc. According to Table 4.2, n-butanol presents the second highest 

vapour pressure, so it is in according with the selectivity results (n-butanol presents the 

second highest flux through the membrane). Regarding the BAc, this compound presents 

the highest radius of gyration, which means that it has the biggest molecular size, 

hindering its passage through the membrane. Thus, AAc is slightly preferably permeated 

than BAc. The radius of gyration and the dipole moment parameters are shown in Table 

4.3. Furthermore, the high boiling points of the BAc (421.0 K) and AAc (414.2 K) lead 

to smaller driving force comparing with n-butanol (390.8 K) and water (373.2 K). 

 

Table 4.3. Radius of gyration and dipole moment for each compound 35. 

Component/ 

Parameter 

Radius of gyration 

(Ắ) 

Dipole moment 

(Debye) 

Water 0.615 1.850 

n-Butanol 3.251 1.661 

Butyl Acrylate 4.765 1.931a 

Acrylic Acid 2.978 1.460 

a) in benzene 
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The influence of temperature and feed water mole fraction on permeate compositions 

are summarized in Figure 4.9.  

 

 

Figure 4.9. Water content on the permeate stream as a function of 

temperature and feed water mole fraction for quaternary mixtures. 

 

Increasing the temperature, the water mole composition in permeate side increases 

whereas the n-butanol, BAc, and AAc decrease. Regarding the feed water mole 

composition, the same behaviour is observed. However, it seems this parameter does not 

influence the permeate water mole fraction anymore at 363 K since, at this temperature, 

the permeate composition is constant for the different molar feed water compositions.  

Membrane productivity is usually characterized by permeate flux, which relates the 

product separation rate to the membrane area required to achieve the separation 13. 

However, other important factors should be evaluated, particularly for multicomponent 

mixtures, such as the driving force and separation factor, which were also taken into 

account in this study. The driving force can be defined as the difference of partial 

pressures of the respective component at the feed and permeate side (see Section 4.4.2.3). 

Figure 4.10 provides information about the driving force for water in the different studied 

mixtures.  
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Figure 4.10. Total permeate flux as a function of the driving force for 

binary (circles), ternary (triangles) and quaternary mixtures (squares). 

 

In order to have the same water permeate flux, the water requires higher driving force 

in the quaternary mixtures, like it was expected, due to the presence of the other 

compounds.  

The process separation factor, which is described in the following section (see section 

4.4.2.3), is represented as a function of temperature for binary, ternary and quaternary 

mixtures in Figure 4.11. 

 

 

Figure 4.11. Separation factor as a function of temperature for binary 

(circles), ternary (triangles) and quaternary mixtures (squares). 
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Analysing the previous figure (Figure 4.11), it is possible to conclude that the 

separation factor is higher for quaternary mixtures and increases with the temperature. In 

order words, the membrane presents excellent selectivity for water mainly in ternary and 

quaternary mixtures at high temperatures (above 353 K), probably due to the lower 

vapour pressures of AAc and BAc, as mentioned previously (Table 4.2). Comparing the 

separation factor determined in this work for a feed water mole fraction of approximately 

10 %, at 353 K and 45 mbar (αperv = 665), with the values reported in the literature for 

the same type of membranes under similar conditions (αperv = 340, at 348 K and 16 mbar) 

4 it is possible to conclude that the Pervatech membrane used in this work has a separation 

factor almost two times higher. However, Boutikos et al.1 reported a very similar value 

to the one found in this work (around 600). 

It is important to mention that these experimental data can be very useful for future 

studies about process intensification for BAc synthesis, helping to understand what is the 

most sustainable way to produce it.  

4.4.2.3. Pervaporation transport and parameters estimation 

The solution-diffusion model 36 was applied to describe the mass transport through the 

membrane, which is given by the following equation (assuming that the mass transfer 

resistance in the boundary layer can be neglected): 

 0

, , ,i m i i i F i perm permJ yPQ a P   (4.15) 

 
where ,m iQ  is the permeance of the membrane in relation to component 𝑖 , ia  is the 

activity coefficient (determined using the UNIFAC method), 
0

,i FP , is the saturation 

pressure in the feed (Table 4.2), ,i permy and permP  are the vapour molar fraction and the total 

pressure in the permeate side. The term that is inside the brackets, 
0

, ,i i F i perm perma p y P  , 

gives the driving force of  component 𝑖. 

The separation factor, α, is given by:  
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where the subscripts F and w correspond to the feed and water, respectively. 

In this work, the activation energy required for the phase change of the permeate 

species were obtained by fitting the experimental results to the Arrhenius equation to 

describe the permeance dependence on temperature: 

,

, 0, exp
Perm i

m i m i

E
Q Q

RT

 
  

 
 (4.17) 

where ,0mQ  is the pre-exponential factor , T is the absolute temperature, R is the ideal gas 

constant and EPerm is the activation energy of permeation which is a combination of the 

activation energy of diffusion (ED) and the heat of adsorption of the permeate in the 

membrane (ΔH):  

Perm DE E H    (4.18) 

Since temperature influences, both membrane permeability and the driving force for 

mass transport 13, the activation energy of permeation should be evaluated from the slope

,ln( )m iQ  vs 1/ T . This way, an average of all permeance values for each species and 

temperature were calculated and the activation energies of permeation as well as the pre-

exponential factors were determined from the corresponding linear regressions. The 

Arrhenius adjustments are shown in Figure 4.12 for all species and the values of the 

respective parameters are presented in Table 4.4. 
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Figure 4.12. Linearized Arrhenius plot for permeance as a function of 

temperature. 

Table 4.4. Overall activation energies and pre-exponential factors for 

each compound. 

Compound Eperm, i (kJ.mol-1) Qm0, i (mol.s-1.m-2.Pa-1) 

Water -30.53 3.90×10-11 

n-Butanol -26.62 5.66×10-13 

Butyl Acrylate -20.85 1.72×10-12 

Acrylic Acid -9.37 5.17×10-10 

 

The water presents the lowest activation energy followed by n-butanol, BAc and AAc 

is the compound that requires more activation energy to be permeated through the 

membrane. The negative value of the activation energy reveals that the permeation of all 

species investigated is governed by the adsorption, according to equation (4.18). 

The effect of the introduction of additional species to form ternary and quaternary 

mixtures was also evaluated by comparing the permeation results obtained for water and 

n-butanol in binary mixtures. The respective activation energies and pre-exponential 

factors for each compound in the different systems studied (binary, ternary and 

quaternary) are presented in Table D.1 and Table D.2 (see Appendix D), respectively. 

From that, it is possible to determine the respective permeance of each compound for 

different temperatures, which are displayed at 363 K, as an example, in Table D.3. 



PROCESS INTENSIFICATION FOR BUTYL ACRYLATE SYNTHESIS BASED ON SORPTION-ENHANCED REACTION 

AND PERVAPORATION-BASED HYBRID PROCESSES  

 

100 

According to the results (Table D.3), the multicomponent system has more influence in 

the butanol permeance than in the water permeance when compared with the binary 

system. The water permeance decreases almost twice while the butanol permeance 

decreases about 30 times in the quaternary system comparing with the binary one. Even 

though water permeance decreases it is still the species with higher permeation values in 

the multicomponent system. 

4.4.3. Pervaporation membrane-assisted esterification reaction  

In order to predict the behaviour of the continuous reaction-separation process by 

combining a fixed-bed reactor with a membrane, the experimental data obtained 

(permeance of each species according to the respective driving force and temperature) 

were used with the mathematical model described in section 4.3 (at the steady state). The 

fixed-bed results were obtained from the model reported in Chapter 3 (Section 3.3). 

The performance of a fixed-bed membrane reactor (FBMR) consisting of a Pervatech 

tubular membrane packed (inside) with A-15 was assessed. For that, beside the reaction 

kinetic and thermodynamic equilibrium constants reported in the literature 30, the 

multicomponent adsorption parameters (presented in Chapter 3) and the permeation data 

(presented in this Chapter, Section 4.4.2.3), all measured over A-15, were considered. 

Table 4.5 displays the reactor parameters used in the simulations. 

 

Table 4.5. Reactor parameters used in the simulation runs. 

Parameters Value 

Feed concentration (mol.L-1) Cn-butanol = 6.39; CAAc = 4.91 

Feed temperature  (K) 363 

Feed flow rate  (mL.min-1) 1.0 

Permeate pressure (mbar) 45 (used in FBMR) 

Bed porosity 0.41 

Bed length (cm) 34.0 

Internal diameter (cm) 1.95 
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 Accordingly, the feed reactants molar ratio considered was 1.3 (nn-butanol/nAAc) and the 

dimensions of the FBR used experimentally in Chapter 3 were kept. Initially, it was 

considered that the A-15 was saturated with n-butanol at 363 K and that the n-

butanol/AAc mixture was fed at 1 mL.min-1. The performance of a conventional FBR 

(without membrane), considering isothermal conditions, is presented in Figure 4.13 (a). 

After that, a FBMR was simulated with the same operating and design parameters, and 

the respective concentration profiles are given in Figure 4.13 (b). Figure 4.13 (c) shows 

the concentration profiles of the FBMR at steady state considering non-isothermal 

operation as well as the temperature profile. 

 

a)  

 

b)  
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c)  

Figure 4.13. Concentration profiles at steady state of the: a) FBR at 

isothermal conditions; b) FBMR at isothermal conditions; c) FBMR at non-

isothermal conditions. 

 

Comparing the concentration profiles in the FBR and the FBMR at isothermal 

conditions, a considerable improvement is observed in the performance of the FBMR 

since at steady state AAc is almost fully converted achieving a reaction conversion of 

98.7 % while the FBR reached 59.4 % at the same conditions. This result is a direct 

consequence of the continuous removal of water from the reaction media by 

pervaporation (in the FMBR) which displaces the chemical reaction equilibrium, 

extending the conversion beyond the values predicted by the thermodynamics. According 

to the simulation results, just one membrane (with an effective area of 110 cm2) is 

required to obtain this excellent performance producing BAc with a purity of 97.8 % (in 

solvent free basis).  

According to the results (Figure 4.13 (c)), if non-isothermal operation was considered, 

the performance is clearly impaired by the temperature drop of about 45 K along the 

membrane due to the heat required for species vaporisation. This leads to lower water 

permeation fluxes and mainly lower reaction rates, decreasing the conversion about 28 

% in relation to the FBR at the same operating conditions. The same behaviour was 

reported by Pereira et al.16 for the esterification reaction of lactic acid with ethanol to 

produce ethyl lactate. Nevertheless, the good performance attained under isothermal 

conditions can be ensured by using a heat source to the pervaporation membrane in order 

to offset the temperature required for species vaporisation, depending on where the 
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selective layer coating is placed. According to the literature, a heated sweep gas source 

is the most suitable way to provide heat to the retentate liquid stream when the selective 

coated layer is placed inside the membrane tube, like it was assumed in this case. On the 

other hand, if the selective layer is coated on the external (shell) side of the membrane 

tube, an appropriate heated solution can be used as heat source by re-circulating it through 

jacketed modules. In this way, the heat can be efficiently transferred to the retentate 

stream 16. Like this, the energy required to heat the membrane adsorptive reactor in order 

to keep the operation closer to isothermal conditions was determined according to the 

heat of vaporisation of water and taking into account the average molar flux of water 

(8.16×10-04 mol.(dm-2.min-1)) attained at isothermal conditions (363 K) leading to a value 

of 33.2 J.(dm-2.min-1). Despite this, the energy saving potential of the FBMR comparing 

with the conventional process is evident since at the end of the FBMR a reaction mixture 

with approximately 75.7 % of BAc and 22.6 % of n-butanol (using a feed ratio of 1.3) is 

obtained having the remain compounds residual compositions (1.0 % of AAc and 0.7 % 

of water). Therefore, just one distillation column shall be required to purify BAc instead 

of the three distillations columns required by the conventional process. Moreover, the 

two reactors used in the conventional process can be reduced to one making use of the 

adsorption and pervaporation technologies as suggested in this work. 

 

 Conclusions 

Pervaporation data for multicomponent mixtures were measured for the compounds 

involved in butyl acrylate synthesis in absence of reaction for the first time. The 

performance of commercial tubular silica membrane supplied by Pervatech BV (The 

Netherlands) was evaluated by studying different parameters. Selectivity and separation 

factor were determined and presented similar values to the literature. 

Besides the selectivity towards water induced by the alumina used as intermediate 

layer on the membrane, the driving force of this species is enhanced by increasing the 

temperature, since water presents the highest vapour pressure. These conditions lead to 

higher permeate water mole fraction and, consequently, higher total flux since it is 

composed mainly by water. The feed water mole fraction also increases the driving force 
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of this compound leading to higher permeate fluxes, however, above 363 K, this 

parameter no longer has a significant influence.  

The presence of butyl acrylate and acrylic acid impairs severely the total permeate 

flux, inducing to higher mass transfer resistances in the boundary layer of the membrane, 

hindering the water flux. The compounds are preferably permeated by the following 

order: water > n-butanol > acrylic acid > butyl acrylate mainly due to lower vapour 

pressures of butyl acrylate and acrylic acid. 

The performance of a pervaporation-based hybrid process by combining a fixed-bed 

adsorptive reactor with a membrane was studied for the first time for the butyl acrylate 

synthesis. For that, a mathematical model was developed, taking into account the 

experimental data obtained in this Chapter, to predict the concentrations profiles of a 

FBMR at steady state. Considering isothermal operation, the fixed-bed membrane reactor 

presented a limiting reactant conversion 66 % higher when compared with a fixed-bed 

reactor at the same conditions due to the continuous water permeate fluxes that allow 

removing practically all water produced through the reaction. 

 

 Notation 

Abbreviations 

AAc Acrylic Acid - 

A-15 Amberlyst-15 ion exchange resin - 

BAc Butyl Acrylate - 

FBR Fixed-Bed Adsorptive Reactor  

FBMR Fixed-Bed Membrane Reactor  

FID Flame Ionization Detector  

gPROMS General Process Modelling System - 

RD Reactive Distillation  

RSR Reactor Separation Recycle - 

SMBR Simulated Moving Bed Reactor - 
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Symbols   

mA
 

Membrane area per unit module volume m2
membrane

 .m-3
bulk 

a  Liquid phase activity (= 𝛾𝑖𝑥𝑖) - 

C  Liquid phase concentration mol.m-3  

ˆ
pC
 

Liquid heat capacity J.mol-1.K-1 

intd
 

Internal diameter of the membrane m 

MD  
Solute diffusivity in the boundary layer m2.s-1 

DE  Activation energy of diffusion J.mol-1 

permE  Activation energy of permeation J.mol-1 

fh  Heat transfer coefficient in the liquid boundary 

layer 

W.K-1 

H  Heat of adsorption J.mol-1 

vH  Heat of vaporisation  J.mol-1 

J  Total permeate flux  mol.m-2. s-1 

blk
 

Mass transfer coefficient m.s-1 

,ov ik
 

Global membrane mass transfer coefficient mol.s-1.m-2.Pa-1-1 

mL
 

Membrane length m 

n  Number of compounds - 

Nu  Nusselt number - 

0P  Vapour pressure bar 

RP  Prandtl number - 

mQ  Membrane permeance mol.s-1.m-2.Pa-1 

,0mQ  Pre-exponential factor in Arrhenius equation mol.s-1.m-2.Pa-1 

R  
Ideal gas constant kJ.mol-1.K-1 

eR  
Reynolds number - 

S  Selectivity of the membrane  

cS  Schmidt number - 

Sh  Sherwood number - 

 t  Time variable s 

T  Temperature K 
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su  Superficial velocity m.s-1 

MV
 

Molar volume  m3.mol-1 

x  Liquid phase molar fraction - 

y  Vapour phase molar fraction - 

z  Axial coordinate in the membrane module m 

Greek Letters 
 

  Relative volatility - 

perv  Separation factor - 

  Membrane thickness m 

  Fluid viscosity in the feed kg.m-1.s-1 

m  Fluid viscosity in the membrane kg.m-1.s-1 

  Thermal conductivity (W.m-1.K-1) 

  Density kg.m-3 

Subcripts  
 

0 Relative to initial conditions 

 

 

F Relative to feed 
 

i Component i (n-butanol, water, AAc and BAc) 
 

m Membrane  

out At the outlet   

ret Retentate 
 

perm Permeate 
 

w Water 
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5.  Simulated Moving Bed Reactor 

The feasibility of butyl acrylate synthesis in a simulated moving bed reactor packed 

with Amberlyst-15 ion exchange resin was studied at different temperatures (323 and 363 

K). For that, a mathematical model was developed to describe the dynamic behaviour of 

the simulated moving bed reactor considering internal and external mass-transfer 

resistances and velocity variations due to changes in the bulk composition. The effect of 

operating conditions, as the simulated moving bed reactor configuration (columns 

arrangement) and switching time, on the performance parameters was studied at 

isothermal operation. As a first approach, the reactive separation region was determined 

for the following set of parameters: equimolar feed composition, switching time equal to 

3.1 minutes and configuration 2-4-4-2. The influence of the feed molar ratio (n-

butanol/acrylic acid) was also evaluated and the optimal operating conditions were found 

(through the determination of new reactive separation regions) in order to get the best 

performance parameters: minimum butyl acrylate purity in the raffinate of 99.5 mol. % 

ensuring the minimum desorbent (n-butanol) consumption and maximum productivity. 

Finally, a simulated moving bed reactor unit was designed at industrial scale as well as 

pervaporation and distillation units to treat the extract (n-butanol and water) and the 

raffinate (n-butanol and butyl acrylate) streams, respectively. A global process was 

simulated disclosing very promising results with nearly complete n-butanol recovery and 

a competitive production capacity (51,500 tBAc.year-1). 

 

 

 

This Chapter is adapted from Constantino, D. S. M.; Pereira, C. S. M.; Faria, R. P. V.; Loureiro, J. M.; 

Rodrigues, A. E.,, Simulated Moving Bed Reactor for Butyl Acrylate Synthesis: From Pilot to Industrial 

Scale, Chem. Eng. Process. 2015, 97, pp 153-168. DOI: 10.1016/j.cep.2015.08.003. 

https://doi.org/10.1016/j.cep.2015.08.003
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 Introduction 

Liquid phase sorption-enhanced reaction processes (SERP) in continuous operation 

provide great advantages for the production of oxygenated compounds and green 

solvents, which are obtained from equilibrium-limited reactions. These processes result 

from the association of chromatographic separation with chemical reaction, which are 

able to extend the equilibrium conversion towards a specific product by continuous 

removal one or more products simultaneously. Simulated Moving Bed Reactor (SMBR), 

which arose from the integration of the chemical reaction with the Simulated Moving 

Bed (SMB) technology, is one of the chromatographic reactors (CR) most studied over 

the last decades. It plays an important role in Reaction Engineering since significant 

productivity improvements are reached with substantial energy savings by reducing the 

equipment and the operating temperature required.  

The SMBR consists in several fixed-bed columns interconnected in series, packed, 

usually, with a material that acts as adsorbent and catalyst at the same time. However, 

other packing configurations are also possible, as mixtures of different materials, for 

instance 1, 2. This counter-current cyclic process, based on the True Moving Bed Reactor 

(TMBR) concept, maximizes the mass transfer driving force by promoting the counter-

current contact between the fluid and the solid (adsorbent/catalyst) phases without the 

solid motion, taking advantage over TMBR. Thus, all streams shift, periodically, one 

column ahead at regular time intervals (switching time), in the fluid movement direction 

simulating, in this manner, the solid phase movement in the opposite direction. This 

procedure is repeated as required in a continuous operation allowing an effective use of 

the stationary and mobile phases and leading to the decrease of the desorbent required 

and the improvement of the productivity per unit time and unit mass of stationary phase 

3. Usually, there are four streams distributed by four sections: two inlet streams (feed and 

desorbent) and two outlet streams (extract and raffinate), according to the Figure 5.1, 

where a reaction A + B ↔ C +D is taking place. The extract stream is composed mainly 

by the desorbent (A) and the most retained compound (D) and the raffinate is composed 

mostly by the less retained compound (C) with the desorbent. In section 1 (between 

desorbent and extract nodes), the adsorbent is regenerated by desorption of the most 

retained product from the solid, while in section 2 (between extract and feed nodes) and 
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in section 3 (between feed and raffinate nodes) the reaction occurs, together with the 

products separation. The most adsorbed product is strongly adsorbed in sections 2 and 3 

and it is transported with the solid phase to the extract port. The less adsorbed product is 

desorbed in sections 2 and 3 and is transported with the liquid in the direction of the 

raffinate port. In section 4 (between raffinate and desorbent nodes), the less retained 

product is adsorbed allowing the regeneration of the desorbent before being recycled to 

the next section (1) 4. A cycle is finished when a number of switches equal to the total 

number of columns is accomplished. The cyclic steady state is achieved when no 

significant differences (deviations less or equal to 1%) are observed in the compounds 

concentration comparing with the previous cycle. 

 

 

Figure 5.1. Schematic representation of a Simulated Moving Bed Reactor 

with a configuration of 2-4-4-2. Grey and dashed lines represent the preceding 

position of the streams in the previous period (step (n - 1)) of that cycle. 

 

Although the SMBR was already successfully applied to different systems involving 

equilibrium-limited reactions 4-9, with promising performances, this approach was never 

assessed for the butyl acrylate (BAc) synthesis. Moreover, the previous study (presented 

in Chapter 3), which concerns the adsorption of all compounds of this system in the 

absence and in the presence of reaction in a fixed-bed adsorptive reactor (FBR) packed 

with Amberlyst-15 ion exchange resin (A-15), showed that sorption enhanced reaction 

processes are a very promising strategy for BAc production. 

In this Chapter, the feasibility of a SMBR process for the production of BAc was 

studied. For that, a mathematical model able to describe the dynamic behaviour of the 

SMBR was developed, taking into account the multicomponent adsorption study 
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previously performed (see Chapter 3) and the kinetic results obtained for this system in 

batch conditions over A-15 available in open literature 10. The limiting operating 

conditions were found based on the Equilibrium Theory and several concentration 

profiles were simulated changing the design parameters (arrangement of the columns and 

switching time) in order to evaluate the influence of each factor in the performance 

parameters. After determining the ideal design parameters, the optimal operating 

conditions (temperature, flow rates and feed ratio) were found based on the reactive 

separation region (RSR) at pilot scale, ensuring the best performance, i.e., maximum 

raffinate purity (≥ 99.5 mol. %) with the minimum desorbent (n-butanol) consumption 

and maximum productivity. The proof-of-concept was attained by performing 

experiments under different operating conditions, in the SMBR unit at pilot scale over A-

15. Finally, a new SMBR unit was designed at industrial scale and a global process was 

simulated considering different configurations for the desorbent recovery using suitable 

downstream units and the respective outlet streams.  

 

 Experimental Data 

5.2.1. Chemical and materials 

The chemicals used in the SMBR experiments were n-butanol (≥ 99.9 wt.%) from 

Fisher Scientific, acrylic acid (≥ 99 wt.%) and butyl acrylate (≥ 99.5 wt.%) from Acros 

Organics. Acrylic acid and butyl acrylate were provided stabilized with inhibitor (about 

200 ppm and 20 ppm of hydroquinone monomethyl ether, respectively). The additional 

inhibitor used in this study was phenothiazine (PTZ) (99.0 wt.%), also from Acros 

Organics. Isopropanol (≥ 99.9 wt.%) from Fisher Scientific was used as solvent in the 

chromatographic analysis. A-15 resin was used as catalyst and adsorbent, which is a 

highly cross-linked polystyrene-divinylbenzene ion exchange resin functionalized with 

sulfonic groups. More details were previously described in Chapter 3 (Section 3.2.1). The 

catalyst/adsorbent was firstly washed with deionized water and then with ethanol. Then, 

it was dried at 363 K in order to have its dry weight and, after that, it was immersed in 

the solvent (n-butanol) prior to the packing of each column.  
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5.2.2. Analytical method 

All samples collected were analysed (at least two times) in a DANI - Master Fast Gas 

Chromatograph equipped with flame ionization and thermal conductivity detectors (FID 

and TCD, respectively). The compounds were separated using a silica capillary column 

(Stabilwax, 60 m x 0.25 mm ID, film thickness of 0.25 µm).  Helium N50 was used as 

the carrier gas at a flow rate of 8.0 mL.min-1. The linear velocity was set to 35 cm.s-1 and 

the injection volume used was 1.0 µL with a split ratio of 30. The temperature of the 

injector was set to 523 K while the temperature of the FID and TCD was set to 573 K. 

The initial column temperature was 353 K for 6.0 min, the temperature was then increased 

at 10 K.min-1 up to 453 K remaining constant for the following 2 min. Isopropyl alcohol 

(isopropanol) was used as clean solvent. The global associated uncertainty of the 

measured molar fractions was ≤ 0.05. More details about calibration curves are presented 

in Appendix B. 

 

5.2.3. Experimental setup and procedure  

All SMBR runs were performed in a pilot scale LICOSEP® 12-26 unit by Novasep 

(France), which is presented in Figure 5.2. This unit comprises 12 columns 

Superformance SP 230 x 26 (length x internal diameter, mm) by Götec Labortechnik 

(Germany), which are connected in series and can withstand up to 333 K and 60 bar. Each 

column is connected to four lines: feed and eluent (inlet streams), extract and raffinate 

(outlet streams) being each line connected to a HPLC pump (MERCK-HITACHI), 

resulting in 12 lines of each type. Only one line of each type can open at a given time 

which is shifted to the next one in the flow direction after a given time interval (switching 

time) making one period of a cycle. A whole cycle is composed of successive periods 

until all lines come back to its initial positions.  There are four on-off pneumatic valves 

between every two columns, which are actuated by the control system. This configuration 

allows pumping of the feed or eluent into the system or removing the extract or raffinate 

streams according to the defined operating parameters. A positive displacement three-

head membrane pump (Milton Roy, France with a flow rate range of 20 to 120 mL.min-

1 and 100 bar of pressure) provides the eluent recirculation flow. The recycling flow rate 
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is controlled through the indications given by a flowmeter. During a cycle, the recycling 

pump set-point changes according to the SMBR section it is in, therefore the actual 

recycling flow rate is controlled through a flowmeter. The feed, eluent and raffinate flow 

rates are fixed while the extract flow rate is controlled through the pressure measured at 

the recycling pump inlet (usually around 1.5 bar as set by the user). For the internal 

concentration profiles measurement, a six-port valve (located between the twelfth and the 

first columns) was used for collecting samples.  

Regarding the procedure, firstly, all columns were packed with A-15 in water, which 

was previously weight in dry condition, and a pulse of blue dextran solution (15 kg.m-3) 

was injected in each column in order to characterize the respective packing in terms of 

Peclet number and bed porosity (tracer). For that, samples of 0.2 cm3 were injected at 10 

mL.min-1 using water as eluent, since blue dextran is insoluble in n-butanol. The outlet 

concentration of each column was monitored using a UV-VIS detector (Gilson, Model 

115) at 300 nm. At least, three runs were performed for each column in order to check 

the space time of the experimental curves and the bulk parameters reproducibility (Peclet 

number and bed porosity). The average values of those parameters were considered in 

the mathematical model for all simulation runs. The characteristics of the SMBR columns 

are shown in Table 5.1. 

 

 

Figure 5.2. SMBR LICOSEP pilot scale unit with 12 columns (a side view 

with 6 columns). 
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Table 5.1. Characteristics of the pilot scale SMBR columns. 

Parameter (symbol, unit) Value 

Column length ( bL , cm) 23 

Column internal diameter (dint, cm) 2.6 

Solid dry weight (A-15, g) 48.9 

Bulk density ( b , kg.m-3) 400 

Average particle radius ( pr , µm)  

 

 

 

375 

Particle porosity ( p) 

 

0.36 11 

Bulk porosity ( ) 0.41 

Peclet number 
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 Mathematical Model 

A mathematical model was developed to assess the variations in concentration profiles 

all over the setup as well as the extract and raffinate streams compositions within a set 

period. A constant bed volume and packing porosity was assumed together with plug 

flow and axial dispersion, linear driving force (LDF) approximation for the inter and 

intra-particle mass transfer rates, velocity variations due to changes in the bulk 

compositions and isothermal operation. Therefore, the dynamic behaviour of the SMBR 

is described by the following equations: 

Bulk fluid mass balance to component i in column k: 

 
,, ,

1( ) 3ik k ik ik
p ikL ik ik ax k T

p

C u C x
k C C D C

t z r z z


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     
      

      
 (5.1) 

Particle mass balance to component i in column k: 
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     

 (5.2) 



CHAPTER 5. SIMULATED MOVING BED REACTOR 

 

119 

The total mass balance, which allows to determine the interstitial fluid velocity 

variation, is given by: 

 
,, ,

1

1 3 NC
k

p ikL ik M i ik

ip

du
k V C C

dz r









  
   

 
  (5.3) 

Rate of the chemical reaction: 

 
1 1
15 2

,

.( .( ))

1

C D

A B

DS D

eq

A c

a a
a a

K
r k

K

m

a

ol g min 






 

(5.4) 

The activities ( ia ) of the components (A = n-butanol, B = AAc, C = BAc and D = 

water),  are calculated based on the average concentration in the particle pores using 

UNIFAC method. The necessary parameters for the determination of the activity 

coefficients, the equilibrium constant and the kinetic parameters measured over A-15 for 

this system are available in the literature 10: 

The equilibrium constant is given by: 

1490 577
exp (7.21 1.67)eqK

T

  
   

 
 (5.5) 

The adsorption constant for water, KS,D, is 1.589 ± 0.100 and the kinetic constant is 

given by: 

1 1 7
15

66988
( .( .min ) 1.52 10 expc Ak mol g

RT

   
   

 
 (5.6) 

The global mass-transfer coefficient was defined as: 

1 1 1

L e p ik k k
   (5.7) 

The internal mass-transfer coefficient was estimated by the following expression: 

5 /M
i

p

D
k

r




 (5.8) 
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The external mass-transfer coefficient was estimated by the Wilson and Geankoplis 

correlation 12: 

 
0.331.09

p pSh Re Sc


       0.0015 55pRe   

 

 

(5.9) 

where , /ikbl int MSh k d D  (Sherwood number), /p pRe d u   (Reynolds number) and 

/ ( )MSc D   (Schmidt number). 

The infinite dilution diffusivities as well as the diffusion coefficient in concentrated 

solutions were estimated according to the equations described in Chapter 3 (see Section 

3.3.1). The adsorption equilibrium of component i in column k, is described by the 

multicomponent Langmuir isotherm equation: 

,

, j
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p iki i
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 (5.10) 

where iQ  is the monolayer capacity and iK  is the equilibrium constant for component i..  

Initial and Danckwerts boundary conditions: 
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where the indices F and 0 refer to the feed and initial states, respectively and the subscript 

j corresponds to a section/zone of the SMBR. 

Mass balances at the nodes of the inlet and outlet lines of the SMBR: 

Eluent node:  

1
( 4, ) ( 1, 0)

4
bi j z L i j z

u
C C

u
     (5.14) 
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Extract (j = 2) and raffinate (j = 4) nodes:   

( 1, ) ( , 0)bi j z L i j zC C    (5.15) 

Feed node:  

3
( 2, ) ( 3, 0)

2 2
b

FF
i j z L i j z i

u u
C C C

u u
      (5.16) 

where: 

1 4 ELu u u   (Eluent node, where the subscript EL is the eluent); (5.17) 

2 1 Extu u u   (Extract node, where the subscript Ext is the extract); (5.18) 

3 2 Fu u u   (Feed node); (5.19) 

4 3 Raffu u u   (Raffinate node, where the subscript Raff is the raffinate); (5.20) 

The ratio between the fluid interstitial velocity, ju , and the simulated solid velocity 

can be defined for each section using the following parameter: 

j

j

s

u

U
 

 

(5.21) 

The cyclic behaviour of the SMBR can be predicted from the steady state model of 

the TMBR, by considering the relation between the interstitial solid velocity, sU , and the 

switching time, *t , in SMBR operation,  

*/s bU L t  (5.22) 

where Lb is the column bed length. 
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5.3.1. Performance parameters 

The SMBR process performance is calculated over a complete cycle according to the 

following equations: 

 
* *

, , , ,(%) 100 /
c ct N t t N t
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t t
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where 𝑁𝑐 represents the total number of columns, 𝑡∗represents the switching time and X 

is the conversion of AAc (component B). The productivity is defined considering the 

BAc (component C, desired product) produced which is gathered in the raffinate stream. 

The desorbent/eluent (component A) consumed in the reaction is not taken into account 

to calculate the eluent consumption, being only considered the amount of n-butanol used 

as eluent. 

5.3.2. Numerical solution 

The numerical solution of this problem was obtained by using the commercial 

software gPROMS (general PROcess Modelling System) version 3.5.3, using orthogonal 

collocation in finite elements (OCFEM) with third order polynomials; to this end, the 

axial dimension of the bed was discretized in 10 and 41 finite elements for pilot and 

industrial scales, respectively, with 2 interior collocation points in each finite element. 

The DASOLV system solver was used to solve the resulting system of ordinary 

differential equations in time. For all simulations, a tolerance of 10-5 was used. It was 
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assumed that an SMBR simulation reached the cyclic steady state when the columns’ 

profiles in two consecutive cycles had less than 1.0%. 

 

 Results and Discussion 

5.4.1. Design parameters 

The design and optimization of SMBR units to carry out simultaneous continuous 

reaction and separation are challenging and essential tasks to define the feasibility of the 

process at industrial scale. Thereby, relevant design variables ought to be determined 

such as: inlet and outlet flow rates, fixed bed columns arrangement by section 

(configuration) and switching time. For that, an approach followed for SMB separations 

was applied to the present system in order to estimate a suitable set of SMBR operating 

flow rates that would potentially lead to complete separation of the two reaction products. 

This approach makes use of the concept of the TMB, considering the Equilibrium Theory. 

The following constraints (equations (5.28) and (5.29)) should be defined and fulfilled 

for the ratio between the fluid and the solid interstitial velocities, j , for each section, j, 

of the TMB: 
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Meeting the above constraints guarantees that water (D) is preferentially carried by 

the liquid phase in section 1 and by the solid phase in the other sections and BAc (C) is 

preferentially carried by the solid phase in section 4 and by the liquid phase in the other 

sections. Both sections, 1 and 4, have an important role in SMBR operation. In section 1, 

the solid phase is regenerated by removing the adsorbed water, while in section 4, the 

desorbent is cleaned by adsorption of BAc and the desorbent is returned to the system by 

the recycle stream. Thereby, according to the Equilibrium Theory, the limit flow rates in 
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section 1 and section 4 are determined by calculating the ratios between the liquid and 

solid interstitial velocities (equations (5.28) and (5.29)). The equivalence between the 

SMBR and TMBR systems is made by keeping constant the net-flow of the liquid relative 

to the solid: 

SMB TMB

j j su u U   (5.30) 

where ju  is the interstitial fluid velocity in the section j of the moving bed. Combining 

the equation (5.21) with the equation (5.30), it is possible to obtain equation (5.31), which 

allows to determine the limiting ratio values for the critical sections (1 and 4) during a 

SMB/SMBR process and to find the ideal operating flow rates from that.  

1SMB TMB

j j  
 

(5.31) 

The values obtained for the system in study, at 323 K and 363 K, are shown in Table 

5.2. A security factor (SF) of 5 % is applied to ensure that there is no contamination in 

the critical zones. 

 

Table 5.2. Ratios between the liquid and solid interstitial velocities for 

TMB and SMB systems. 

323 K 363 K 

TMB TMB 

1 4 1 4
> 16.19 < 0.63 > 7.66 < 0.60 

SMB SMB 

1 4  4
> 17.19 < 1.63 > 8.66 < 1.60 

SMB (SF = 5%) SMB (SF = 5%) 

1 4 1 4
> 18.05 < 1.55 > 9.10 < 1.52 
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For a switching time (t*), the solid velocity is determined according to equation (5.22). 

Afterwards, the interstitial velocity of each zone can be determined from equation (5.21) 

which is then used to determine the respective flow rates in section 1 (minimum) and 4 

(maximum). However, the effect of the switching time on the performance parameters 

must be studied in order to know what is the optimal value to achieve the optimal 

operating conditions: minimal desorbent consumption (DesC) and maximum 

productivity (Prod) ensuring significant conversion (Conv ≥ 95 %) with, at least, the 

minimal raffinate purity (PRaff) required (99.5 %) 13. The configuration was initially 

assumed to be 2-4-4-2 in order to have a reasonable reaction zone length once this system 

presents a very slow kinetics, 
15

3 1 1
,363 3.51 10 . .min

A
c Kk mol g    , according to the 

literature 10. The effects of these parameters (switching time and configuration) on the 

performance parameters will be presented and discussed ahead (see sections 5.4.3.1 and 

5.4.3.2, respectively). 

5.4.2. Separation region vs reactive separation region 

The successful design and operation of counter-current chromatographic separation 

units depends on the correct selection of the operating conditions, particularly of the flow 

rates in each section 14. Separation (SR) and reactive separation regions (RSR) were 

obtained numerically with the mathematical model described above (Section 5.3). The 

SR were obtained by simulating a SMB unit that separated the products, BAc and water, 

in absence of reaction, while the RSR were obtained by considering a SMBR unit where 

an equimolar ratio of the reactants, n-butanol and AAc, is fed, taking into account the 

reaction kinetics besides the adsorption data. The procedure used to define the SR/RSR 

consists on keeping constant simultaneously the values of the switching time (3.1 

minutes) and of the flow rates in sections 1 and 4, which are determined from the 

Equilibrium Theory as described in the previous section (Section 5.4.1). For example, a 

RSR at 363 K is defined in a 2-3 plane by setting 1 = 9.10 and 4 = 1.52 (according to 

Table 5.2), for the set of pairs of net-flows in sections 2 and 3 that accomplish the desired 

separation with the required raffinate purity, which is 99.5% 13 (minimum value in a 

solvent-free basis). It means that, keeping the flow rates in sections 1 and 4 constant leads 

to constant desorbent and recycle flow rates. So, beginning with a low feed flow rate, the 

SMBR operation is simulated for different extract flow rates and the range, for which the 
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required separation is obtained, is drawn15, 16. The SR/RSR are defined for several feed 

flow rates until the feed flow rate reaches a value for which no extract flow rate can fulfil 

the desired separation, being the previous value, the maximum feed flow rate allowed to 

get the desired separation; usually, this point corresponds to the maximum performance 

that can be achieved: maximum productivity and minimum desorbent consumption. At 

this stage, the extract purity (PExt) is not an important parameter since water is a secondary 

product, so it was defined to be 95%. However, in a more detailed study for industrial 

application it will be an important factor in order to reduce the equipment size and the 

energy costs for the treatment of the respective extract stream, as it will be discussed in 

Section 5.4.7. 

It is important to refer that BAc and water in equimolar composition are completely 

immiscible, as can be seen in Figure D.1 (see Appendix D), so actual SMB operation 

under these conditions is not possible. Nevertheless, the SR was also determined at 363  K 

to compare its dimension with that of the RSR and to understand the influence of the 

reaction on the SMBR process. In Figure 5.3, it is possible to compare the SR with the 

RSR, which correspond to SMB and SMBR processes, respectively. It can be readily 

noticed that the reaction is the limiting step leading to the contamination of the raffinate 

stream with the limiting reactant (AAc), explaining the large difference between the 

separation regions of the SMB and SMBR units. 
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Figure 5.3. Reactive Separation Region for an equimolar ratio of AAc and 

n-butanol in the feed (SMBR) vs Separation Region for an equimolar ratio of butyl 

acrylate and water in the feed (SMB) at 363 K. Both regions were determined for 

a raffinate purity criteria ≥ 99.5 % (solvent-free basis). 

5.4.2.1. Effect of temperature  

The same procedure was performed at 323 K; however, it was not possible to achieve 

the required purity criterion of BAc (≥ 99.5 %) whatever the set of flow rates used at this 

temperature. The reaction kinetics is slower at lower temperatures, so a lower feed flow 

rate is required to have a residence time long enough and, consequently, to further 

consume the limiting reactant (AAc), decreasing the contamination with this compound 

by increasing the reaction conversion. Accordingly, the temperature decrease leads to 

contamination with AAc like it was previously mentioned. The maximum raffinate purity 

(in a solvent-free basis) achieved was 99.47 % with the following flow rates: QEL = 264 

mL.min-1, QRec = 24 mL.min-1, QExt = 261 mL.min-1 and QF = 0.8 mL.min-1. Nevertheless, 

the SR was drawn to compare it with the SR at 363 K. Figure 5.4 provides this comparison 

where it is clear that the temperature increase benefits the products separation process 

(BAc and water). According to the literature 17, this behaviour was expected because 

although there is no reaction, the solid phase regeneration is improved by the temperature 

increase. Thereby, the same behaviour would be expected for RSR (SMBR process) 

because the temperature increase promotes the reaction kinetics.  
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Figure 5.4. Influence of the temperature in Separation Region for 

equimolar feed ratio of BAc and water (SMB process). Both regions were 

determined for a raffinate purity criteria ≥  99.5 % (solvent-free basis). 

5.4.2.2. Effect of feed composition 

The effect of feed composition on RSR at 363 K was studied as shown in Figure 5.5 

for different feed molar ratios (n-butanol/AAc). The results show that increasing the feed 

molar ratio (from 1 to 3) the vertex of the region (i.e. the optimal point) moves slightly 

downwards and to the left resulting in more eluent/desorbent consumption (about twice 

as much) and the productivity is halved. Therefore, the optimal operating conditions at 

363 K, which fulfil the required performance criteria with the largest productivity and the 

lowest desorbent consumption, are the following: QF = 6.5 mL.min-1, QExt = 117.6 

mL.min- 1, QEL = 122 mL.min-1 and QRec = 24 mL.min-1, using an equimolar feed ratio. 

Meanwhile, since the BAc system presents a very slow reaction rate, a different feed 

molar ratio was simulated in order to understand its impact on the performance 

parameters of a SMBR during the BAc synthesis. Thus, a mixture comprising n-

butanol/AAc/BAc/water (4.8/37.8/28.7/28.7 (%), respectively) in equilibrium conditions 

at 363 K, was used as feed solution of a SMBR operating at the same temperature with 

the aim of making better use of the equipment. Indeed, according to the respective RSR 

represented as a dotted line in Figure 5.5, for which the same 1 (9.10) and 4 (1.52) were 

used, it is possible to extend the reaction beyond the values reached when an equimolar 
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mixture of n-butanol and AAc is fed. This fact is due to the eluent (n-butanol) present 

along the SMBR, which is also one of the reactants and it will consume the remaining 

limiting reactant still present in the feed stream. Additionally, the reactive front will be 

confined to the surroundings of the feed port, and a larger portion of the SMBR will be 

almost exclusively dedicated to the products separation. Since the feed stream already 

contains a reasonable amount of BAc and the remainder AAc is being converted into this 

ester as well, the SMBR is able to produce and separate a higher amount of BAc in this 

scenario. Hence, this configuration leads to the improvement of the performance 

parameters, increasing the productivity (20 %) and also reducing the eluent consumption 

(18 %) when compared with the results for an equimolar ratio feed. In this case, the 

optimal operating conditions at 363 K are QF = 5.6 mL.min-1, QExt = 115.4 mL.min-1, QEL 

= 122 mL.min-1 and QRec = 24 mL.min-1. 

 

 

Figure 5.5. Reactive Separation Regions for different feed compositions 

using a switching time of 3.1 min and the configuration 2-4-4-2 at 363 K. 

Equilibrium mixture comprises n-butanol/AAc/BAc/water with the following 

molar compositions 4.8/37.8/28.7/28.7 (%), respectively. Raffinate purity criteria 

of 99.5 % (solvent-free basis). 
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5.4.3. Proof-of-concept 

Experimental runs were performed in the SMBR LICOSEP pilot scale unit under 

different operating conditions aiming to validate the mathematical model previously 

developed using the respective kinetic data and adsorption parameters. All runs were 

carried out at 323 K over A-15, which was used as catalyst and adsorbent. The operating 

conditions that correspond to each experimental run are displayed in Table 5.3, while the 

respective concentration profiles obtained under the different operating conditions can be 

observed in Figure 5.6 to Figure 5.8.  

 

Table 5.3. Experimental conditions and performance parameters of the 

different runs performed in SMBR LICOSEP pilot scale unit at 323 K with 

configuration 2-4-4-2 and a switching time of 3.1 min. The predicted values are 

presented between the brackets. 

Parameter/Experiment SMBR01  SMBR02  SMBR03 

Cn-butanol, F (mol.L-1) 6.04 0.60 0.60 

CAAc, F (mol.L-1) 6.04 4.78 4.78 

CBAc, F (mol.L-1) - 3.64 3.64 

Cwater, F (mol.L-1) - 3.64 3.64 

QF (mL.min-1) 0.86 2.10 2.10 

QExt (mL.min-1) 24.3 25.6 25.0 

QEl (mL.min-1) 29.7 29.2 29.2 

QRec (mL.min-1) 29.0 20.0  23.0 

PExt  (%) 

 

57.1 (48.7) 32.7 (27.2) 54.4 (54.5) 

PRaff (%) 

(%) 

26.1 (31.0) 33.7 (33.4) 65.0 (79.6) 

Conv (%) 

 

29.1 (39.3) 21.8 (13.5) 32.8 (43.2) 

Prod (kgBAc.(Lads
-1.day-1)) 

 

0.223 (0.274) 0.210 (0.289) 1.67 (2.04) 

DesC (Ln-butanol.kgBAc
-1) 

 

213 (174) 233 (169) 29.3 (23.9) 

 



CHAPTER 5. SIMULATED MOVING BED REACTOR 

 

131 

The LICOSEP pilot scale unit presents considerable limitations for the implementation 

of a SMBR process for the production of BAc. First of all, the maximum operating 

temperature is 323 K, which is below the desired value for this system (363 K). Moreover, 

the maximum allowed flow rate in section 1 is much lower than the predicted by the 

Equilibrium Theory (288 mL.min-1) since the maximum eluent flow rate is limited to 30 

mL.min-1. These technical constraints were the main reason why it was not possible to 

reach the BAc purity, productivity and conversion values presented in the previous 

sections in any of the experiments performed. 

Thus, an equimolar ratio of n-butanol/AAc was fed in the first run and, according to 

the results presented in Figure 5.6, there was not separation of BAc from AAc in the 

raffinate port, which is at the outlet of column 10. Indeed, the maximum operating 

temperature is a limitation for the BAc synthesis in the LICOSEP unit, since the reaction 

rate of this system is very slow 10 and, for this reason, the reaction conversion is low at 

this temperature (323 K). As the result, the unreacted AAc is carried by the liquid, 

preferentially, since the resin selectivity between AAc and BAc is smaller than between 

AAc and water, leading to raffinate contamination. Therefore, the results could 

eventually be improved by reducing the recycling flow rate. Besides that, according to 

the results obtained in Section 5.4.2.1, higher eluent (264 mL.min-1) and extract (261 

mL.min-1) flow rates are required to achieve the maximum raffinate purity (99.47 mol. 

%) at 323 K; however, the maximum operating flow rate of the eluent and extract pumps 

is 30 mL.min-1. 

A better separation between AAc and BAc is possible by feeding an equilibrium 

mixture obtained at 363 K (from an equimolar amount of the reactants fed to a FBR), as 

concluded in RSR study (Section 5.4.2.2). Therefore, this equilibrium mixture was 

considered as feed solution for the SMBR in the second experimental run (Figure 5.7) 

with the purpose of overcoming the temperature and flow rates limitations of the 

LICOSEP pilot scale unit. Although higher raffinate purity was achieved when compared 

with the previous experimental run, it is clear that BAc was carried with AAc by the solid, 

in the opposite direction of the fluid flow. These results suggest that higher recycle flow 

rate is required to move all concentration fronts to the right towards higher raffinate 

purity. 

Afterwards, a third experimental run (SMBR03) was carried out increasing slightly 

the recycling flow rate in relation to the previous run (from 20 to 23 mL.min-1). As a 
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result, which is displayed in Figure 5.8, a raffinate purity of 65 %, approximately, was 

obtained with a productivity of 1.7 kgBAc.(Lads
-1.day-1) and an eluent consumption of 29.3 

Ln-butanol.kgBAc
-1. Additionally, the raffinate and extract streams were collected and the 

average concentration history of each compound was determined by gas chromatography.  

 

Figure 5.6. Experimental and simulated concentration profiles in SMBR 

LICOSEP unit at the middle of the switching time (3.1 min) and the cyclic steady 

state (13th cycle) at 323 K: run SMBR01. 

 

 

Figure 5.7 .Experimental and simulated concentration profiles in SMBR 

LICOSEP unit at the middle of the switching time (3.1 min) and the cyclic steady 

state (13th cycle) at 323 K: run SMBR02. 
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Figure 5.8. Experimental and simulated concentration profiles in SMBR 

LICOSEP unit at the middle of the switching time (3.1 min) and the cyclic steady 

state (13th cycle) at 323 K: run SMBR03. 

 

In Figure 5.9, it is possible to observe the experimental and the predicted concentration 

values for each outlet stream. The theoretical values were calculated with the SMBR 

mathematical model. As expected, BAc is the main compound in the raffinate stream 

(Figure 5.9 a)) while the water is the predominant compound in the extract stream (Figure 

5.9 b)), both in eluent free basis. Some oscillations in the experimental concentration 

histories are observed, which can be induced either by operating flow rates fluctuations 

occurred during the experimental runs or by errors associated with gas chromatography 

analysis; however, the steady state was achieved. 
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a) 

 

b) 

Figure 5.9. Experimental and simulated average concentrations histories 

obtained during the last experimental run (run SMBR03) in the raffinate (a) and 

extract (b) streams at 323 K.  

 

Regarding the mathematical model, in a general way, it predicts reasonably the SMBR 

performance for the BAc synthesis by using the experimental multicomponent adsorption 

parameters described in Chapter 3 (see Section 3.4.2.2) and the kinetic data available in 

open literature 10 (also described in Section 5.3). Nevertheless, it is important to refer that 

more dispersed concentration fronts were obtained experimentally comparing with the 

curves predicted by the mathematical model using the parameters described in Table 5.1. 

However, a better fit of these experimental curves was possible considering a lower 

Peclet number (10) instead of the value obtained from the tracer experiments (143), as 

shown in Figure E.3, in Appendix E. Several factors can contribute to this phenomenon. 

One of the reasons can be associated with the shrinking on the A-15 when pure n-butanol 

is displaced either by AAc or BAc (initially, all columns are filled with pure n-butanol). 

This leads to higher dead volumes (apart from the dead volume of the recycling pump 

which is about 21 cm3) and unstable bulk conditions (see Figure E.1, Appendix E) 

comparing with the initial conditions previously characterized through tracer 

experiments. Depending on the feed flux direction, top-down or bottom-up, the bulk 

conditions inside of the fixed-bed columns change (Figure E.1). Furthermore, this 

instability can be induced by the high section flow rates used in the pilot scale LICOSEP 

unit, which are significantly higher (approximately, 54 mLmin-1 in section 1 of the 

SMBR) than the flow rates used in the tracer experiments (10 mL.min-1). Besides that, 
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while the A-15 resin shrinks it gives rise to a significant void inside of the columns 

creating favourable conditions to preferred pathways formation, mainly, in case of not 

compressed bulks or ineffective packing. Thus, additional tracer experiments were 

performed, with a similar void (approximately 1 cm) observed in the experimental SMBR 

runs, with the purpose of understanding its effect in terms of dispersion. As a result, a 

lower Peclet number (80) was obtained comparing with the previous one (143, without 

void), indicating that the void, effectively, leads to higher dispersion than the initially 

expected. However, this new Peclet number (80) is still not low enough to predict well 

the experimental curves. It suggests that, probably, there is an additional factor 

contributing to the dispersion, like the liquid mixture density and other physical-chemical 

properties, for example, which were not taken into account during the tracer experiments 

since water is had to be used as solvent (blue dextran solution is not soluble in the 

remaining compounds).  

Moreover, previously in Chapter 3, it was noticed that the feed configuration was an 

important issue in the dynamic study of the FBR. So, since the fluid flow is performed in 

both directions (top-down and bottom-up) in the LICOSEP pilot scale unit, alternately, 

to have the minimal dead volume from a column outlet to the inlet of the next one, it is 

also important to analyse the feed configuration effect on the reactor performance. For 

that, two additional FBR experiments were performed using two columns of the pilot 

scale LICOSEP unit connected in series using different feed flow configurations: one in 

which both columns were fed from the top and another in which they were fed from 

bottom. More details can be found in Appendix E. As can be observed in Figure E.2 

(Appendix E), although both configurations lead to different changes in the bulk 

conditions, there was reproducibility between the FBR experiments performed with the 

different feed flow configurations, showing that the feed flow configuration is not 

determinant on the SMBR performance. 

In summary, concentration profiles with higher dispersion were obtained comparing 

with the expected concentration curves and one parameter was considered to be changed 

in order to predict this effect with the mathematical model proposed. Nevertheless, 

dispersed concentration fronts can be avoided during the BAc synthesis in a SMBR using 

a different recycle line configuration and/or recycle pump that reduces the dead volume 

in this specific part of the unit. Other possibility is the use of fixed-bed special columns 

with dynamic adjustable pistons during the reaction allowing to get similar bulk 
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conditions in all SMBR sections and reducing the void (dead volume) inside each fixed-

bed column while shrinking occurs. For this reason, the dispersion effect will not be 

considered in the numerical SMBR study at 363 K at pilot and industrial scales. 

5.4.4. Reference case  

The ideal operating parameters to achieve the desired separation with the maximum 

performance were found through the RSR study like previously described (Section 5.4.2). 

However, aiming to extend the SMBR study to industrial scale based on safer operating 

conditions, a reference case corresponding to a slightly inner point of the RSR should be 

selected to study the design and influence of the operating parameters on the reactor 

performance. This fact ensures a more reliable study since this system is very sensitive 

to small flow rates deviations, namely in recycling flow rate as shown with the 

experimental results. For this reason, working on the RSR limit (which corresponds to 

the maximum performance) can lack robustness since any flow rate fluctuation may be 

enough to leave the respective RSR and not achieve the desired separation. Therefore, a 

reference case at 363 K was selected, slightly different from the ideal parameters found 

through the RSR. The respective operating conditions, as well as, the performance 

parameters determined with SMBR model are presented in Table 5.4, where it is possible 

to observe an excellent performance with a reaction conversion of 99.7 % achieving a 

raffinate purity of 99.9 %. Figure 5.10 shows the concentration profiles obtained at these 

conditions. 
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Table 5.4. Reference case at pilot scale: operating conditions and 

performance parameters at 363 K. 

Operating Parameters Performance Parameters 

Configuration 2-4-4-2 PExt (%) 99.2 

t* (min) 3.1 PRaff (%) 99.9 

QEL (mLmin-1) 122 Conv (%) 99.7 

QF (mLmin-1) 5.0 DesC (Ln-butanol.kgBAc
-1) 33.3 

QRec (mLmin-1) 24.0  Prod (kgBAc.(Lads
-1.day-1)) 6.0 

QExt (mLmin-1) 118.0   

Cn-butanol,F (mol.L-1) 5.76   

CAAc,F (mol.L-1) 5.76   

 

 

Figure 5.10.Concentration profiles simulated in SMBR pilot scale unit at 

cyclic steady state (21th cycle) and 363 K using t*=3.1 min and configuration 2-

4-4-2 (reference case). The respective operating parameters are presented in 

Table 5.4. 

5.4.4.1. Effect of configuration  

The effect of the configuration was evaluated at 363 K, using 2-4-4-2, 3-3-3-3 and 2-

3-5-2 columns arrangement per section. So, the contact time between the 

reactants/products and the catalyst/adsorbent in each section was changed. In practice, 

the configuration 2-4-4-2 means that the extract stream is collected right away after 

column 2, then the feed stream is introduced after 4 columns (after column 6), the 
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raffinate stream is collected after 4 more columns (after column 10) and finally the eluent 

or desorbent stream is continuously fed in the inlet of the first column (after column 12). 

These results allow to evaluate the most suitable configuration for BAc synthesis leading 

to the best performance parameters in the SMBR. According to the simulated results 

given in Table 5.5, the best configurations are 2-4-4-2 and 2-3-5-2, which can be 

explained by the highest residence time in the reaction section (total of 8 columns in the 

sections 2 and 3) leading to higher reaction conversion and, consequently, improving the 

raffinate purity since there is no contamination with AAc (which is substantially 

converted). However, the first arrangement (2-4-4-2) presents slightly higher 

productivity and lower desorbent consumption. 

 

Table 5.5. Effect of configuration using a t*= 3.1 min. 

Parameter/ Configuration 2-4-4-2 3-3-3-3 2-3-5-2 

PExt (%)  99.18 99.18 99.18 

PRaff (%)  99.94 99.77 99.94 

Conv. (%)  99.66 99.50 99.67 

Prod. (kgBAc.(Lads
-1.day-1))  6.00 5.96 5.99 

DesC (Ln-butanol.kgBAc
-1)  33.30 33.55 33.35 

 

5.4.4.2. Effect of switching time 

The switching time sensitivity analysis was also conducted at 363 K for two different 

situations: a) keeping constant QEL and QRec (Table 5.6) and b) keeping constant 1 = 9.10 

and 4 =1.52 (Table 5.7), by changing the respective eluent and recycle flow rates. For 

both cases, the run #2 that corresponds to the switching time of 3.1 min, presents the best 

results in terms of performance parameters and taking into account the required 

separation criteria. 
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Table 5.6. Effect of t* keeping constant QEL and QRec and using the 

configuration 2-4-4-2. 

Parameter/ Run #1 #2 #3 

t* (min) 3.0 3.1 3.2 

PExt (%)  85.56 99.18 98.91 

PRaff (%)  99.87 99.94 99.74 

Conv. (%)  98.17 99.66 99.45 

Prod. (kgBAc.(Lads
-1.day-1))  5.07 6.00 6.03 

DesC (Ln-butanol.kgBAc
-1) 39.40 33.30 33.13 

 

Table 5.7. Effect of t* keeping constant 1 = 9.10 and 4 = 1.52 and using 

the configuration 2-4-4-2. 

Parameter/ Run #4 #2 #5 

t* (min) 3.0 3.1 3.2 

PExt (%) 99.16 99.18 59.11 

PRaff (%)  97.38 99.94 99.87 

Conv. (%)  97.17 99.66 96.23 

Prod. (kgBAc.(Lads
-1.day-1))  5.91 6.00 2.03 

DesC (Ln-butanol.kgBAc
-1)  34.94 33.30 95.39 

 

5.4.5. From pilot scale to industrial scale 

5.4.5.1. SMBR scaling up to industrial scale 

In this section, the procedure followed for a SMBR scaling up to an industrial scale is 

described. For that, an algorithm was developed and it is displayed in Figure 5.11. 

Basically, the procedure was based on the pilot scale reference case studied in the 

previous section (Section 5.4.4), by keeping the residence times and flow ratios constant 

in each section. According to the Equilibrium Theory, the limiting ratios between the 

fluid and the solid interstitial velocities are determined for sections 1 and 4 as described 

previously in Section 5.4.1. In the following step, guessing the length of each column and 

using the same t* (3.1 minutes) of the pilot scale unit, the solid velocity (𝑈𝑠) is 
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determined. After that, the interstitial fluid velocities in sections 1 and 4 are found from 

which it is possible to obtain the desorbent and recycle flow rates, respectively. The bed 

porosity was kept at 0.41 like in the SMBR at pilot scale. The feed and extract flow rates 

were found by keeping the respective flow rates and the desorbent flow rate ratio of the 

pilot scale unit. Afterwards, the raffinate flow rate (QRaff) can be determined from the 

flow rates balance presented in the algorithm (Figure 5.11). Finally, the global process 

productivity is simulated using the raffinate flow rate (QRaff) of the SMBR as the feed 

flow rate of the downstream unit (described in Section 5.4.6.1). As a reference for the 

global process productivity, the information described in a market report about global 

market share for BAc in 2013 18 was used. In order to get a competitive production, the 

SMBR unit at industrial scale of this work was designed to have a similar production to 

that of the BASF company located in Freeport, TX, USA, which produced in that year 

about 50,000 tonnes of BAc, according to the same report. As a result, the dimensions 

found for each column of the SMBR at industrial scale were 2.23 m diameter and 0.62 m 

length, resulting in a total volume of 29 m3 (corresponding to 12 columns). The ratio 

between the diameter and the length of each column was assumed to be within the range 

presented by industrial SMBR units, such as the Parex unit that presents a value of 3.6 19.  
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Figure 5.11. Design algorithm to scale up a SMBR unit according to the 

desired global productivity. 
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5.4.5.2. Concentration profile and performance parameters 

After sizing a SMBR unit at industrial scale and finding the correspondent operating 

parameters according to the procedure described in the previous Section (5.4.4), the 

respective concentration profiles were simulated at 363 K using the operating conditions 

presented in Table 5.8 and taking into account the new dimensions (VSMBR_IS = 29 m3). 

The performance parameters obtained are shown in the same table and the resulting 

concentration profiles are presented in Figure 5.12.  

Table 5.8. Reference case at industrial scale: operating conditions and 

performance parameters at 363 K. 

Operating Parameters Performance Parameters 

Configuration 2-4-4-2 PExt (%) 99.3 

t* (min) 3.10 PRaff (%) 99.8 

QEL (L.min-1) 2397 Conv. (%) 99.5 

QF (L.min-1) 118 DesC (Ln-butanol.kgBAc
-1) 27.6 

QRec (L.min-1) 475  Prod (kgBAc.(Lads
-1.day-1)) 7.20 

QExt (L.min-1) 2315   

Cn-butanol,F (mol.L-1) 5.76   

CAAc,F (mol.L-1) 5.76   

 

 

Figure 5.12. Concentration profiles simulated in the SMBR at industrial 

scale unit at cyclic steady state (21st cycle) and 363 K using t*=3.1 min and 

configuration 2-4-4-2. 
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As a result, an attractive performance was attained with a great raffinate purity (99.8 

%, in solvent free basis). These operating conditions lead to a raffinate flow rate of 200 

L.min-1, which requires treatment in a downstream unit in order to get pure BAc (see 

Section 5.4.6.1). Comparing the performance parameters obtained at pilot scale (Table 

5.4) and industrial scale (Table 5.8) it is noticed that there are no significant differences 

in terms of PExt, PRaff and Conv.; however, at industrial scale the DesC is lower and the 

Prod. is higher. This better performance achieved at industrial scale can be related with 

the SMBR dimensions in terms of dint/Lb ratio that is much bigger than the dint/Lb ratio at 

pilot scale (approximately thirty times larger), which leads to changes in the 

hydrodynamics leading to a decrease of the mass transfer resistance.  

5.4.6. Downstream units 

In order to assess the process sustainability, downstream units were studied to treat the 

extract and raffinate streams from the SMBR unit. These units will allow separating the 

water from the eluent (n-butanol) as well as the BAc from the eluent, respectively and, 

besides that, to recover the eluent and to re-use it in the initial unit (SMBR) depending 

on its purity. The scheme of the global process plant is shown in Figure 5.13, where it is 

proposed to recycle n-butanol from both downstream units to the eluent stream of the 

SMBR unit. However, this situation will be discussed ahead (see Section 5.4.7). 
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Figure 5.13. Global process plant for a SMBR operation for butyl acrylate 

synthesis using a configuration of 2-4-4-2 (columns per section). A = n-Butanol, 

B = Acrylic Acid, C = Butyl Acrylate and D = Water. 

5.4.6.1. Distillation column 

Analysing the outlet streams obtained from a SMBR unit at industrial scale, it is 

possible to determine the molar composition of the extract and raffinate streams. The last 

one is composed of 0.52 molar fraction of n-butanol and 0.48 molar fraction of BAc. For 

the raffinate stream treatment, a distillation column was simulated in ASPEN PLUS 

(Version 8.6). A distillation column was selected because it is the most common, even in 

the industry and, besides that it is easier to apply to this separation; however, if relative 

volatilities of components is less than 1.1, distillation becomes very expensive 20. So, the 

first step is to determine the relative volatility of the mixture, which is 2.13 according to 

the following equation: 
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where 
sat

BP  corresponds to the saturation pressure of n-butanol and 
sat

CP  corresponds to 

the saturation pressure of BAc, both at 363 K that is the operating temperature of the 

SMBR unit. NRTL Hayden-O’Connell model was used to estimate the respective 

saturation pressures. Furthermore, the operating pressure selected was atmospheric 

pressure, in order to attain an economical operation. Nevertheless, operation under 

vacuum can be considered for heat-sensitive compounds or polymerisable materials. In 

this case, vacuum operation was not considered because the number of stages required is 

low, as it will be shown ahead, so that the residence time required is not too long and it 

was assumed that there was no danger of polymerisation. Despite this, experimentally it 

may be necessary to implement vacuum operation once BAc is a heat-sensitive 

compound at high temperatures. The vapour-liquid equilibrium data at the operating 

pressure are also important. According to the literature 21, 22 and the thermodynamic 

UNIFAC, UNIQUAC and NRTL models, all available in ASPEN software, there are no 

azeotropes for this binary system (BAc/n-butanol) at the operating conditions selected. 

Some operating parameters might be set like the feed flow rate of the input stream, F, 

the composition of the light compound in the feed (n-butanol, in this case), ZF, as well as 

the purity of the light compound in distillate  Dx  and bottom  Bx streams. The total 

amount of distillate and bottom can be calculated based on equations (5.33) and (5.34). 

All these values are shown in Table 5.9. 

DF Bz F x D x B   (5.33) 

F D B   (5.34) 

 

Table 5.9. Process operating parameters of the distillation column for the 

raffinate treatment in the conventional SMBR process. 

F (L.min-1) ZF XD XB D 

(

L

/

m

i

n

) 

B (L.min-1) 

200 0.521 0.990 0.005 105 95.5 
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After assigning the operating conditions and determining the relative volatility as well 

as the vapour-liquid equilibrium data, it is possible to simulate a distillation column using 

one of the simplified distillation methods, as the shortcut distillation design method, 

DSTWU (the single diameter trayed tower), which is available in ASPEN PLUS software 

(version 8.6). The DSTWU method provides a very good starting point for distillation 

column design and it uses the Gilliland’s, Winn’s and Underwood’s methods 23 for 

calculation of stage and reflux ratio. The calculations are completed based on two 

assumptions, constant molar overflow and constant relative volatilities. For a specific 

product recovery (light and heavy) and a minimum number of stages or reflux ratio, the 

DSTWU estimates the required minimum number of theoretical stages, the feed stage 

number and the minimum reflux ratio based on the user input. Besides that, it estimates 

the optimum feed stage location and the condenser and reboiler duties. Therefore, it is 

possible to get an idea about the process and use its output as an input to a more detailed 

method, like RadFrac (rigorous fractionation) that is more rigorous and requires more 

input data being also available in ASPEN PLUS software (version 8.6). Firstly, the 

recovery of light  RecL  and heavy  RecH compounds was calculated as well as the 

minimum and the actual reflux ratio to use as input in DSTWU and RadFrac methods, 

according to the following equations, respectively:  

 

   

D
Rec

F

D x
L

F z
  (5.35) 

  1

 (1   )

D

Rec

F

D x
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F z


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
 (5.36) 
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 
 (5.37) 

 1 1

x
y

x





 
 (5.38) 

1.2actual minR R   (5.39) 

where, 𝑅𝑚𝑖𝑛 represents the minimum reflux ratio, 𝑅𝑎𝑐𝑡𝑢𝑎𝑙 is the operating reflux ratio, 

and the equilibrium curve can be obtained by relating the relative volatility to the 

composition of the liquid, according to equation (5.38). Table 5.10 gives all the required 
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values to determine the minimum reflux ratio while the input and output data of the 

DSTWU and RadFrac methods are presented in Table 5.11 and Table 5.12, respectively. 

Table 5.10. Parameters involved in Rmin calculation. 

Parameter 𝑥𝐷 𝛼 x y 𝑅𝑚𝑖𝑛 

Value 0.99 2.13 0.52 0.70 1.63 

 

Table 5.11. Input and output data of the distillation column simulation 

using DSTWU method. 

Parameter Input value Parameter Output value 

LRec 0.995 N 170 

HRec 0.011 NF 136 

𝑅𝑎𝑐𝑡𝑢𝑎𝑙 1.96 BAc purity (bottom), % 99.5 

Condenser total N-butanol purity (top), % 99.0 

  Reboiler duty, J.s-1 2.25106 

 

Table 5.12. Input and output data of the distillation column simulation 

using RadFrac method. 

Parameter Input value Parameter Output value 

N 170 BAc purity (bottom), % 100 

NF 136 n-butanol purity (top), % 96.5 

𝑅𝑎𝑐𝑡𝑢𝑎𝑙 1.96 Reboiler duty, J.s-1 2.25106 

Condenser total   

Bottom to feed ratio 0.96   

 

According to Table 5.11, it would be possible to get 99.5 % of BAc purity on the 

bottom stream and 99.0 % of n-butanol on the top stream. However, by using a more 

rigorous method (RadFrac) it can be observed that, for the same parameters of the 

DSTWU method, it is possible to get 100 % of BAc purity while in the top stream the n-

butanol purity is just about 96.5 % (Table 5.12). To have an idea, 514 stages would be 

necessary to get a n-butanol purity of 97.0%. Indeed, the most important parameter is the 

BAc purity which should be ≥ 99.5 %; nevertheless, the purity of n-butanol must be taken 
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into account to recover this compound and recycle it to the SMBR unit, towards a more 

efficient process. Thus, a study about the eluent recovery with different downstream units 

is presented in the following section (5.4.7), where the influence of the n-butanol purity 

in the global process performance is assessed and the respective saved amount in relation 

to the open SMBR process (without n-butanol recovery from the downstream units) is 

determined.  

The distillation column was optimised by determining the minimal stage number for 

a minimal reflux ratio to get the same purities of BAc and n-butanol reached in the 

RadFrac simulation. The respective results can be observed in Table 5.13 leading to 

conclude that it is possible to reduce significantly the number of stages achieving similar 

purities to the previous ones. A sensitivity analysis was also performed by changing the 

feed stage and analysing the reboiler duty in order to find the best position for the feed 

stream, being it the 25th stage. The characteristics of the distillation column required to 

purify the raffinate stream are shown in Table 5.14, which were calculated according to 

the following equations 20. 

    /actualN N Eff  (5.40) 

   tower tray actualH H N   (5.41) 

  1  .2tower towerL H   (5.42) 

 

where N and Nactual represent the theoretical and actual number of trays, respectively. 

Typical values for tray efficiency (Eff ) range from 0.5 to 0.7 according to the literature 

20. In this study, it was considered 0.7. The variables Htower, Ltower and Htray represent the 

tower height, the required length of the column (estimated to be 20 % higher than the 

required just for trays) and the height of each tray (assumed to be 0.7 m), respectively, 

according to the same source 20. 

Finally, it is important to mention that feeding the total raffinate stream (200 L.min-1) 

to the distillation column unit, a production capacity of 51,500 tBAc.year-1 is obtained, 

very similar to the production capacity of the BASF Company in TX, USA, as previously 

stated.  
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Table 5.13. Final parameters optimised with RadFrac method simulation. 

Parameter Input value Parameter Output value 

N 33 BAc purity (bottom), % 99.9 

NF 25 n-butanol purity (top), % 96.4 

𝑅𝑎𝑐𝑡𝑢𝑎𝑙 1.83 Reboiler duty, J.s-1 2.12106 

Condenser total   

Bottoms to feed ratio 0.96   

 

Table 5.14. Sizing of distillation column. 

Nactual Htower  (m) Ltower (m) Dtower (m) Htray (m) 

47.1 33.05 39.66 1.92 0.70 

 

5.4.6.2. Pervaporation unit 

According to the simulation results of the SMBR unit at industrial scale, the extract 

stream is composed of 0.967 molar fraction of n-butanol and 0.033 molar fraction of 

water. Since it presents such a low amount of water, a distillation column would become 

an expensive choice. Accordingly, in this case the separation unit selected to n-butanol 

dehydration was a membrane selective to water. Pervaporation is a very effective and 

economical technique for the separation of water from organic solvents and solvent 

mixtures 24. Besides that, this process presents several advantages as high selectivity, low 

energy consumption, moderate operation cost and compact and modular design 25, 26. The 

dehydration of solvents, including n-butanol, has been intensively investigated, by using 

different kinds of membranes 27-32 and the cost of different techniques has been compared 

concluding that pervaporation is the most economic to remove low water contents (10 

wt. % and less) 33. As in this case, the amount of water present in the extract stream is 

about 1 wt.%, the pervaporation process is proposed for this step (n-butanol/water 

separation). However, the performance of this process depends on several variables, such 

as temperature, permeate pressure, feed composition, permeate flux (𝐽𝑖) and some 

membrane characteristics as the permeance of the membrane (𝑄𝑚,𝑖) for each species. 
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5.4.6.2.1. Membrane Mathematical Model 

A mathematical model was developed for pervaporation membrane processes to 

simulate different membranes at this work conditions considering:  

(i) non-isothermal operation due to the heat consumption for species vaporisation 

and temperature polarisation;  

(ii) plug flow (retentate stream);  

(iii) retentate velocity variations inside the membrane due to permeation of 

components;  

(iv) concentration polarisation due to the global membrane resistance (diffusive 

transport in the boundary layer combined with the membrane resistance); 

(v) continuous process once it is a process subsequent to the SMBR unit and both 

units should be operating continuously. The pervaporation membrane model 

equations are described following all previous assumptions: 

Retentate mass balance to component i: 

 ,,
0

s ret iret i

m i

u CC
A J

t z


  

 
 

(5.43) 

where 𝑧 is the axial coordinate in the membrane modules, Cret is the liquid phase 

concentration in the retentate membrane side, 𝑢𝑠 is the superficial velocity, 𝐴𝑚is the 

membrane area per unit membrane modules volume and 𝐽𝑖 is the permeate molar flux of 

species i, through the membrane, defined as:  

 0

,i ov i i i i permJ k a p y P   (5.44) 

where 𝑘𝑜𝑣,𝑖is the global membrane mass transfer coefficient, that combines the resistance 

due to the diffusive transport in the boundary layer with the membrane resistance 34:  

0

,

, , ,

1 1 i i M i

ov i m i i F bl

a p V

k Q x k
   (5.45) 

where ,i Fx  is the liquid molar fraction in the feed. 

For laminar flow and Graetz number,  2 /int s M md u D L , much greater that one, the mass 

transfer coefficient for transport in the boundary layer, blk , is determined by the Lévêque 

correlation 35:  
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0.33

0.33 0.331.62 int

m

d
Sh Re Sc

L

 
  

 
, (Re < 2300) (5.46) 

where /bl t MinSh k d D , /int sRe d u   and / ( )MSc D   are the Sherwood, Reynolds and 

Schmidt numbers, respectively,  mD is the solute diffusivity in the boundary layer, 𝑑𝑖𝑛𝑡 

is the internal diameter of the tubular  membrane, mL  is the membrane length,   is the 

density and   is the viscosity. 

The mole fraction of component i in the vapour phase (permeate side), iy , is defined 

as:  

1

i
i n

ii

J
y

J





 (5.47) 

Fluid velocity variation in the membrane feed side is calculated from the total mass 

balance: 

,

1

n
s

m i M i

i

du
A J V

dz 

    (5.48) 

where n  is the total number of components.  

Retentate heat balance: 

 , , , ,

1 1

ˆ ˆ 0
n n

p i ret i s p i ret i m f m

i i

T T
C C u C C A h T T

t z 

 
   

 
   (5.49) 

where ,
ˆ

p iC  is the liquid heat capacity of component i, T is the absolute temperature in the 

feed side of the membrane, mT  is the membrane absolute temperature, and fh is the heat 

transfer coefficient in the liquid boundary layer.  

Membrane heat balance: 

 
 

 
2 22 2

1) / 2 ( ) / 2 (( / 4) ( / 4)

n
vint int

f m i i

iint int int int

d d
h T T H J

d dd d



  


  

   
  (5.50) 
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where intd is the internal radius of the membrane,   is the membrane thickness, and 

v

iH is the heat of vaporisation of species i. The heat transport coefficient was estimated 

by the Sieder-Tate correlation, valid for laminar pipe flow 36:  

0.140.33

1.86 int b
u

w

d
N RePr

L





  
   

   
 (5.51) 

where /u f intN h d   and ,
ˆ /p iPr C   are the Nusselt and Prandtl numbers, 

respectively, b and w are the viscosity of the liquid in the feed and in the membrane 

wall, and 𝜆 is the thermal conductivity.  

Initial and boundary conditions: 

t = 0:  mT T  (5.52) 

         , 0,ret i iC C  (5.53) 

z = 0:  mT T  (5.54) 

          , ,ret i F iC C  (5.55) 

where subscripts 0 and F refer to initial state and membrane feed conditions, respectively.  

 

In order to evaluate the performance of the process, the following variable was 

monitored: 

,

,1

out i

out n

out ii

C
x

C





 (5.56) 

where  , ,   1out i ret i z
C C


 . (5.57) 

The outlet flow rate was also analysed  , ,   1out i ret i z
Q Q


 , in order to take into account 

the real flow rate in the recycle study (see Section 5.4.7). 
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5.4.6.2.2. Numerical solution 

The numerical solution of this problem was obtained by using the commercial 

software gPROMS (general PROcess Modelling System) version 3.5.3, using orthogonal 

collocation in finite elements (OCFEM) with second order polynomials and one internal 

collocation point in each element; to this end, the axial dimension of the membrane at 

industrial scale was discretized in 100 finite elements. The DASOLV equation solver was 

used to solve the resulting system of ordinary differential equations in time. For all 

simulations a tolerance of 10-5 was used.  

 

5.4.6.2.3. Membrane Results 

Several simulations were performed using pervaporation data from the literature for 

n-butanol dehydration. The best performance was obtained using data from Sommer’s 

and Melin’s work 27 relative to a commercial tubular amorphous silica membrane which 

is distributed by ECN, Petten (The Netherlands) and by Sulzer Chemtech GmbH 

Membrane Technology, Neunkirchen (Germany), as Pervap® SMS. In that work, the 

authors present the following equations, relative to permeance and molar flux permeate, 

respectively:  

Permeance is described as follows: 

, , ,   

1 1i
m i m i ref

ref

E
Q Q exp

R T T

  
   

 
   

 (5.58) 

where ,m iQ and , ,   m i refQ are the permeance of the membrane in relation to component i and 

the permeance of the membrane at  353.25 KrefT  ,respectively, iE  is the activation 

energy and T  is the feed temperature of the membrane; 

Molar flux permeate is given by: 

 0

, , ,i m i i i F i perm permJ yPQ a P   (5.59) 
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where ia  is the activity of species ( ii ia x  ) which is determined using the UNIFAC 

method, 
0

,i FP , is the saturation pressure of the feed stream, ,i permy  and permP  are the molar 

vapour fraction and the total pressure in the permeate side. The parameters necessary to 

determine the permeance and the permeate molar flux for each compound are presented 

in Table 5.15. 

The process selectivity is given by:  

 
 

, ,

, ,

1

1

i perm i F

m

i F i perm

y x

x y






 (5.60) 

Table 5.15. Parameters necessary to determine the permeance and 

permeate molar flux of the membrane. 

Parameter/Compound n-butanol water 

, ,   m i refQ (kg.(m-2 h-1 bar-1)) 0.207a 16.4a 

iE  (J.mol-1) 20.2a 6.90a 

,i Fx  0.968 0.032 

,i permy  0.160 0.840 

0

,i Fp (bar) 0.342 0.700 

permP  (bar) 0.016 

T (K) 363 

m  160b 

a,b data from Sommer’s and Melin’s work 27, 30. 

 

The permeance values obtained were 0.207 kg.(m-2.h-1.bar-1) and 16.4 

kg.(m- 2.h- 1.bar- 1) for n-butanol and water, respectively. The permeate molar flux for n-

butanol was 0.068 kg.(m-2.h-1) and for water was 1.25 kg.(m-2.h-1). After the 

determination of these parameters, the simulation of the pervaporation unit was carried 

out. The feed flow rate used was the extract flow rate from SMBR unit, which is 2315 

L.min-1, and the internal diameter of each membrane was 710-3 m (commercial value).  
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The required module dimensions were 2950 membranes with 10 m of length, resulting 

in a total membrane area of 649 m2. This value is acceptable taking into account that the 

largest application of pervaporation presents 2400 m2 of membrane area 37 and, besides 

that, the present mixture contains a very small amount of water, which hinders the 

separation. Furthermore, according to the literature, pervaporation in a continuous 

process requires more area than in a batch process, but in return it requires less energy 37, 

offsetting the investment costs. This separation unit allows reducing 97.3 % of water, 

resulting in 99.98 wt % of n-butanol purity. The simulation results are shown in Figure 

5.14, from which it is possible to conclude that there was no significant temperature 

variation. The final outlet flow rate is slightly lower than the feed flow rate, 2309 L.min- 1. 

 

 

Figure 5.14. Composition and temperature history for n-butanol 

dehydration process in the pervaporation unit at 363 K (feed temperature). 

 

5.4.7. Process integration: eluent recovery 

Aiming a more sustainable global process, a study about n-butanol recovery was 

performed, as this compound represents the largest operating cost due to its use as 

reactant and mainly as eluent of the SMBR unit. Hereafter, there will be presented two 

different configurations that allow n-butanol recovery and which will be studied in detail. 
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5.4.7.1. Configurations  

One of the configurations studied is presented in Figure 5.15 where the n-butanol from 

each separation unit (pervaporation and distillation column) is sent to the eluent stream 

of the SMBR unit (ER1) and, the other one is presented in Figure 5.16, where the n-

butanol from pervaporation unit is sent to the eluent stream and the n-butanol from the 

distillation column to the feed stream (ER2).  

 

Figure 5.15. Configuration ER1 for n-butanol recycle (eluent recovery). 

 

 

Figure 5.16. Configuration ER2 for n-butanol recycle (eluent recovery).  
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Regarding the first situation, each stream was also studied separately: (i) recovering 

the n-butanol from the distillation column to the eluent stream and discarding the stream 

from the pervaporation unit (ER1.1); (ii) recovering the n-butanol from the pervaporation 

unit to the eluent stream and discarding the stream from the distillation column (ER1.2). 

This study allows understanding the influence of the recycling of each outlet stream from 

the downstream separation units in the global process, in terms of savings and in the final 

BAc purity obtained.  

 

5.4.7.2. Material balances and simulation results 

In order to study each scenario of n-butanol recovery, all balances were performed for 

each situation (equation (5.63) until equation (5.70)). The different streams flow rates 

and the respective concentrations are presented in Table 5.16 for each stream (#1 to #4) 

while the different situations studied for the n-butanol recovery are summarized in Table 

5.17. 

 

Table 5.16. Concentrations and flow rates of the different streams. 

Stream Designation Flow rate 

(L.min-1) 

Cn-butanol 

(mol.L-1) 

CAAc  

(mol.L-1) 

CBAc      

(mol.L-1) 

Cwater 

(mol.L-1) 

#1 Top_distillation column 91.31 9.51100 - 3.5510-1 - 

#2 Retentate_Pervaporation 2310 1.0110-1 - - 6.9010-3 

#3 Eluent_SMBR 2397 1.0110-1 - - - 

#4 Feed_SMBR 117.9 5.76100 5.76100 - - 

 

Table 5.17. Summary of eluent recovery streams. 

Scenario n-Butanol recycling from 

ER1 (#1 + #2) to Eluent 

ER1.1 #1 to Eluent 

ER1.2 #2 to Eluent 

ER2 #1 to Feed and #2 to Eluent 
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SCENARIO ER1 

     *

,retentate top stream n-butanol fresh ELPervaporation SMBRDC
Q Q Q Q    (5.61) 

where EL is the eluent stream in the SMBR unit and 
*

_top streamQ  means that just a part of 

the total flow rate from the top stream was used. 

   *

_ ,retentate top stream iPervaporation DC
iQ C Q C   

 

(5.62) 

   
,n-butanol freshi EL i SMBR

QC Q C    

 

SCENARIO ER1.1 

   _ ,top stream n butanol fresh EL SMBRDC
Q Q Q   (5.63) 

     
,_ EL in-butanotop s l freshtream i i SMBRDC

Q C QC Q C   (5.64) 

 

SCENARIO ER1.2 

   ,n-butanol fresh ELPervaporationretentate SMBR
Q Q Q   (5.65) 

     
,retentate i iPervaporationi ELn-butanol fresh SMBR

Q C QC Q C   (5.66) 

 

SCENARIO ER2 

   ,retentate n-butanol fresh ELPervaporation SMBR
Q Q Q   (5.67) 

     
,retentate i i EL iPervaporation n-butanol fresh SMBR

Q C QC Q C   (5.68) 

   *

_ ,top stream AAc fresh F SMBRDC
Q Q Q   (5.69) 

     *

_ ,top stream i FAAc fresh i BC
i MD S R

Q C QC Q C   (5.70) 

 
where F  represents the feed stream.  
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The first equation of scenario ER1.1, for example, enables to find the fresh n-butanol 

flow rate required to feed as eluent stream in the SMBR unit together with the stream #1 

(top stream of the distillation column). The second equation of this scenario (ER1.1) 

allows determining the n-butanol concentration in the final eluent stream (distillation 

column + fresh) and the respective contamination of BAc in that stream. The molar 

compositions resulting from this mixture and from the mixtures of the remaining 

scenarios are shown in Table 5.18. 

 

Table 5.18. Input molar composition data in SMBR simulations according 

to the different n-butanol recycling scenarios. 

Scenario Ref. Case (IS) ER1 ER1.1 ER1.2 ER2 

STREAM INPUT Eluent Eluent Eluent Eluent Eluent Feed 

xn-butanol 1.000 0.998 0.999 0.999 0.999 0.491 

xAAc 0.000 0.000 0.000 0.000 0.000 0.491 

xBAc 0.000 0.001 0.001 0.000 0.000 0.018 

xwater 0.000 0.001 0.000 0.001 0.001 0.000 

 

Analysing the results, the contamination in the final eluent stream is about 0.1 % of 

BAc. The influence of this contamination in the final SMBR process, in terms of 

performance parameters, and the savings achieved with this procedure are presented in 

Table 5.19. 
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Table 5.19. Final performance parameters resulting from SMBR 

simulations according to the different n-butanol recycling scenarios. 

Performance Parameters 
Ref. Case 

(Industrial Scale) 
ER1 ER1.1 ER1.2 ER2 

PExt (%) 99.32 95.86 95.42 99.99 99.99 

PRaff (%) 99.75 99.71 99.85 99.63 99.66 

Conv (%) 99.53 99.84 99.86 99.77 99.80 

Prod (kgBAc.(Lads
1.day-1)) 7.220 7.240 7.240 7.220 7.250 

DesC_open (Ln-butanol.kgBAc
-1) 27.58 - - - - 

DesC_closed (Ln-butanol.kgBAc
-1) - 0.000 26.66 1.010 1.000 

 

Comparing all scenarios with the reference case (without n-butanol recycling) leads to 

conclude that there are no significant differences in the performance parameters with the 

exception of the extract purity. In the scenarios ER1 and ER1.1 it is possible to observe 

that the extract purity decreased. This fact is due to the contamination in section 1 of the 

SMBR unit with stream #1 (from the distillation column) which presents 0.07 mol % of 

BAc in n-butanol.  

The n-butanol saving with the scenario ER1.1 in relation to reference case is about 

3%. This fact is due to the low flow rate of the stream #1 which is 91.31 L.min-1 while 

the eluent required is 2397 L.min-1, so 2306 L.min-1 of fresh n-butanol must be added. 

Regarding scenario ER1.2, the same procedure was performed to find the purity of the 

final eluent stream (#3) and the results are also shown in Table 5.18. According to the 

results, the same purity of eluent is achieved, however, the contaminant is water. 

Discarding the stream #1 and recycling the stream #2 (2310 L.min-1), it is possible to save 

about 96 % of n-butanol, once it is only necessary to add 87.4 L.min-1 of fresh n-butanol. 

It is important to refer that 4 % of stream #1 (top distillation column) must be discarded 

when the outlet streams from both separation units are used as eluent to the SMBR unit 

(scenario ER1), in order to use the required eluent stream in the SMBR, since the stream 

#1 presents contamination with BAc (Table 5.16). Q* means that just a part of the total 

top stream flow rate was used. In this way, the purity of the final eluent stream is lower 
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than in the other scenarios (ER1.1 and ER1.2) and the extract purity decreased like in 

scenario ER1.1, due to the contamination of the eluent in section 1 with BAc coming 

from stream #1. Nevertheless, comparing all results from Table 5.19, scenario ER1 

allows the maximum of n-butanol saving (approximately 100%).  

The last scenario (ER2) was thought in order to avoid contaminations in section 1 of 

the SMBR unit, so the outlet streams from the different separation units were used in 

different sections of the SMBR unit. Like this, the stream #1 was added to the feed stream 

of the SMBR while the stream #2, provided by the pervaporation unit, water free was 

added to the eluent stream (#3). Comparing this scenario with the others, this seems to be 

the best choice for this process, since it presents good reaction conversion and excellent 

extract purity for the maximum productivity and saving a significant amount of n-butanol 

(96.0 %). 

 In order to provide a more objective analysis regarding the energy requirements 

associated with the separation units included in the studied processes, a simple estimation 

of the energy demand per kg of BAc produced was carried out. For this purpose, the 

SMBR was considered to operate under isothermal conditions, the reboiler duty was 

obtained from ASPEN PLUS simulations (Version 8.6), the non-isothermal model used 

to describe the pervaporation unit allowed to determine its energy requirements and all 

the thermophysical data necessary were obtained from the open literature 38 (see 

Appendix E). As expected, scenario ER2 presented the lowest energy demand, consuming 

1.8 x 103 kJ.kgBAc
-1. In contrast, the worst performance was achieved with the 

configuration of scenario ER1.1 with a total energy consumption 2.5 times larger than 

scenario ER2. These results reveal, once again, the relevance of recycling stream #2, 

which not only allows to save a significant amount of desorbent, as it reduces the energy 

necessary to increase the temperature of the desorbent stream, since the outlet stream of 

the membranes module presents a high flow rate and its temperature is close to 363 K, 

the operating temperature of the SMBR. Furthermore, scenario ER1 and scenario ER1.1 

present lower extract purities implying larger and more expensive pervaporation 

membrane modules, which also increases n-butanol recovery costs.  

As previously stated, reactive distillation has been reported as an efficient alternative 

to the conventional process for the production of BAc (which comprises two 

homogeneously catalysed reactors and three distillation columns), reducing in more than 

10% its production costs. Moreover, by coupling reactive distillation with a liquid-liquid 
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phase separator the costs reduction can reach 37 % 39. Following the strategy previously 

described for the estimation of the process energy consumption it was possible to 

determine that these two alternatives would require approximately 2.0 x 103 and 1.7 x 103 

kJ.kgBAc
-1, respectively. Hence, the industrial process proposed in this Chapter for the 

production of BAc, particularly the configuration that corresponds to the scenario ER2, 

demonstrated to be a competitive and environmental friendly alternative process for the 

BAc synthesis.  

 

 Conclusions 

A new process intensification based approach for butyl acrylate synthesis was studied 

and butyl acrylate was produced by Simulated Moving Bed Reactor technology over 

Amberlyst-15 ion exchange resin for the first time. The process was assessed numerically 

at pilot and industrial scales through a proposed mathematical model, which was 

validated with different experimental runs at 323 K (maximum operating temperature of 

the pilot scale unit).  

A SMBR unit was sized at industrial scale and the ideal design and operating 

parameters were found. Reference cases were selected ensuring complete regeneration of 

the resin (in section 1) and eluent/desorbent (in section 4) with QEL = 122 mL.min-1, QRec 

= 24 mL.min-1, QF = 5 mL.min-1 and QExt = 118 mL.min-1 at pilot scale and 363 K, while 

at industrial scale the reference case is the following: QEL = 2397 L.min-1, QRec = 475 

L.min-1, QF = 118 L.min-1 and QExt = 2315 L.min-1, at the same temperature. 

The reactive separation region was determined at 363 K based on the equilibrium 

theory and the effect of the temperature and the feed molar ratio were studied. Increasing 

the feed molar ratio increased the desorbent consumption and decreased the productivity, 

while increasing the temperature improved the separation process. 

The composition profiles were analysed showing great performance parameters, a 

reaction conversion of 99.5 % was obtained with extract and raffinate purities of 99.3 % 

and 99.8 %, respectively. The effects of configuration and switching time on the 
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performance parameters were studied, concluding that the ideal parameters are 3.1 min 

as switching time and 2-4-4-2 as configuration of the Simulated Moving Bed Reactor. 

In addition, downstream units were also sized: a distillation column, to treat the 

raffinate stream, with approximately 40 m of length and 1.9 m of diameter, which allows 

to obtain a bottom-stream with 99.9 mol % of butyl acrylate purity and a top-stream rich 

in n-butanol (96.4 mol %); and a pervaporation membrane unit, to treat the extract stream, 

with a required area of 649 m2 to get a retentate stream with 99.9 mol % of n-butanol 

purity.  

Finally, the global process was simulated at industrial scale with n-butanol recovery 

taking into account several possible scenarios, from which ER2 showed to be the best 

eluent recovery strategy: adding the top stream from the distillation column to the SMBR 

feed and the retentate stream from the pervaporation unit to the eluent SMBR stream. The 

final global process showed a very competitive production capacity of 51,500 tBAc.year-1 

recycling almost all the n-butanol used as eluent. 

In summary, in this Chapter an alternative process for the butyl acrylate synthesis was 

proposed, in which the number of units required was reduced comparing to the 

conventional process. Moreover, a more environmental friendly catalyst was used 

(Amberlyst-15 ion exchange resin), which is easier to separate, leading to a reduction of 

the energy required to purify the target product (butyl acrylate). 

 

 Notation 

Abbreviations 

AAc Acrylic Acid - 

A-15 Amberlyst-15 ion exchange resin - 

BAc Butyl Acrylate - 

DC Distillation Column - 

EL Eluent - 

ER Eluent Recovery - 

FBR Fixed-Bed Adsorptive Reactor - 
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gPROMS General Process Modelling System - 

Rec Recycle - 

RSR Reactive Separation Region - 

SMB Simulated Moving Bed - 

SMBR Simulated Moving Bed Reactor - 

SR Separation Region - 

 

Symbols 

a  Liquid phase activity  - 

B  Flow rate relative to bottom - 

C  Liquid phase concentration mol.m-3  

Conv  Reaction Conversion % 

pC
 

Average liquid phase concentration inside the particle mol.m-3 

TC  Total liquid phase concentration mol. m-3 

retC
 

Liquid phase concentration in the retentate membrane  mol. m-3 

axD  Axial dispersion coefficient m2.s-1 

DesC  Desorbent Consumption mn-butanol
3.kgBAc

-1 

intd
 

Column/Membrane internal diameter  m 

MD  Molecular diffusivity m2.s-1 

pd
 

Particle diameter m 

F  Feed flow rate (relative to distillation unit) m3.min-1 

Eff  Tray efficiency - 

towerH  Tower height m 

trayH  Height of each tray m 

iK
 

Langmuir equilibrium parameter m3.mol-1 

ik
 

Internal mass transfer coefficient m.s-1 

ek
 

External mass transfer coefficient m.s-1 

ck
 

Reaction kinetic constant mol.kg-1.min-1 

eqK
 

Equilibrium constant - 
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,s DK  Adsorption constant relative to compound D 

(water)  

- 

Lk  Global mass transfer coefficient m.s-1 

,ov ik  Global membrane mass transfer coefficient kg.(m-2. h-1.bar-1) 

towerL  Tower length  m 

bL
 

Bed length m 

MM  Molecular mass kg.mol-1 

n  Number of compounds - 

N  Theoretical number of trays - 

Nactual Actual number of trays - 

NF Feed tray - 

eP  Peclet number - 

ExtP  Extract Purity % 

RaffP  Raffinate Purity 
% 

Prod  Productivity kgBAc.(mads 
-3.day-1) 

q  
Average solid phase concentration in equilibrium 

with pC  
mol.mres

-3 

Q  Volumetric flow rate m3.min-1 

*Q  A fraction of the volumetric flow rate m3.min-1 

iQ
 

Molar adsorption capacity ( M,/i v iQ Q V )  mol.mres
-3 

mQ  Membrane permeance kg.(m-2. h-1.bar-1) 

vQ
 

Volumetric monolayer capacity m3.mres
-3 

R  Ideal Gas constant J.mol-1.K-1 

r  Reaction rate mol.kg-1.min-1 

pr  Particle radius m 

pRe
 

Reynolds number relative to the particle - 

Sc  Schmidt number - 

pSh
 

Sherwood number relative to the particle - 

T  Temperature K 

u  Interstitial liquid velocity m.s-1 

su  Superficial velocity m.s-1 
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sU  Solid velocity m.s-1 

MV  Molar volume in the liquid phase m3.mol-1 

x  Liquid phase molar fraction - 

Bx  Composition of the light compound in bottom - 

Dx  Composition of the light compound in distillate - 

y  Vapour phase molar fraction - 

Fz  Composition of the light compound in the feed - 

 
 

Greek Letters  

  Relative volatility - 

m  Selectivity relative to pervaporation process - 

  Interstitial velocities ratio - 

  Membrane thickness m 

  Bulk porosity - 

p  Catalyst/adsorbent particle porosity  - 

  Fluid viscosity kg.m-1.s-1 

m  Mixture viscosity kg.m-1.s-1 

  Fluid phase density kg.m-3 

b  Bulk density kg.m-3 

  
 

Subcripts   

0 Relative to initial conditions - 

EL Relative to eluent - 

Ext Relative to extract - 

F Relative to feed - 

j Relative to a section of SMBR unit - 

m Membrane - 

out At the outlet of the fixed-bed column - 

p Relative to particle - 

perm Permeate - 
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perv Pervaporation - 

Raff Relative to raffinate - 

Rec Relative to recycle - 

ret Relative to retentate - 
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6. Enhanced Simulated Moving Bed 

Reactor 

A novel process design based on the simulated moving bed technology for the 

synthesis of butyl acrylate was investigated in order to get a more competitive industrial 

process. For that, a fixed-bed adsorptive reactor was coupled with a simulated moving 

bed reactor. Reactive separation regions were determined for different conditions of 

process configurations and feed compositions allowing to find the optimal operating 

parameters for the respective process. Besides that, the process integration was analysed 

with different configurations for the desorbent (n-butanol) recovery and ensuring the 

minimal butyl acrylate purity commercially required (99.5 wt. %).  
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 Introduction 

A detailed study of butyl acrylate (BAc) synthesis over Amberlyst-15 ion exchange 

resin in simulated moving bed reactor (SMBR) was reported in the previous Chapter, 

where promising results were presented revealing a competitive production capacity at 

industrial scale (51,500 tBAc.year-1). For that, the ideal operating parameters to achieve 

high separation performance with reduced costs were found according to the reactive-

separation region (RSR) determined. The data showed that the separation region (SR) is 

much larger than the respective RSR allowing to conclude that the process is severely 

limited by the chemical reaction due to the slow kinetics of this system, as mentioned in 

literature 1. Accordingly, the reactants, n-butanol and acrylic acid (AAc), require long 

residence time in sections 2 and 3 of the SMBR (between the extract and raffinate 

streams) in order to completely convert the limiting reactant (AAc). Otherwise, this 

compound will preferentially contaminate the raffinate stream, since the resin selectivity 

between AAc and BAc is smaller than the one between AAc and water. This fact implies 

that the process can only operate under low feed flow rates leading to a negligible or not 

competitive production capacity.  

Recently, Seidel-Morgenstern and his group reported a system for the continuous 

synthesis and purification of complex reaction mixtures using the SMB technology. A 

layout based on a tubular reactor with a multi-column chromatographic separation 

process was successfully studied for the nucleophilic aromatic substitution reaction of 

2,4-difluoronitrobenzene with morpholine under continuous flow conditions 2. However, 

up to now, no esterification reaction has been investigated with this methodology. 

In this Chapter, the study of a similar configuration is performed for the first time in 

an attempt to overcome the limitations imposed by the slow reaction kinetics of the 

esterification reaction between n-butanol and AAc, instead of the nucleophilic aromatic 

substitution reaction studied by Seidel-Morgenstern et al. 2. The main objective is to attain 

a better performance (less desorbent consumption and higher productivity with the same 

target product purity, ≥ 99.5%) than the obtained with the previously studied 

technologies, including the conventional SMBR process. This novel concept consists in 

coupling a fixed-bed adsorptive reactor (FBR) with a SMBR unit. Thus, the reaction takes 
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place firstly in the FBR and after the reaction equilibrium is reached, the outlet stream of 

the FBR is introduced in the SMBR unit, which works, essentially, as separation unit 

turning it into a more efficient process (with higher purity and lower costs) according to 

the SR determined in advance for this system (Chapter 5). This design strategy tends to 

be even more efficient since it is possible to achieve the complete conversion of unreacted 

AAc from the FBR, by extending the reaction with the eluent/reactant (n-butanol) that is 

inside of the SMBR, while the separation occurs, simultaneously. Another advantage of 

this configuration is that it allows operate under higher feed flow rates than in the 

previous process (conventional SMBR) leading to higher production capacities and lower 

desorbent consumptions. Finally, the process optimization was performed considering 

the energy consumption for different eluent recovery strategies. 

 

 Results and Discussion 

6.2.1. Process design 

Despite the promising results of the conventional SMBR process at industrial scale 

reported in the previous Chapter, a better performance can be achieved taking advantage 

of the SMB technology integrated with other coupled reaction process. Indeed, when the 

RSR of a SMBR unit fed with an equimolar mixture of AAc and n-butanol (the reactants 

for producing BAc) is compared with a hypothetical SR of a purely separative SMB unit 

fed with an equimolar of BAc and water (the products of this esterification reaction) it is 

clear that the performance of the unit was severely conditioned by the equilibrium-limited 

reaction. According to the literature 1, this system presents a very slow kinetics, 

3 1 1
,363 153.51 10 . .minc K Ak mol g    , so long residence times in the reaction zone of the 

SMBR (sections 2 and 3) are required which implies working under low feed flow rates 

in order to achieve reasonable reactants conversions, leading to a lower production 

capacity. Therefore, an SMB process coupled with another sorption enhanced reaction 

process can be more advantageous than the conventional SMBR. It has a much higher 

productivity and it needs less desorbent to reach the same final product purity. In this 
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context, a new process design was considered and the SMBR process was revaluated in 

order to take full advantage of that technology potential for the synthesis of BAc. The 

new process design proposal consists in adding a FBR before the SMBR, as shown in 

Figure 6.1, keeping the remaining units as suggested in the previous process design 

studied (see Chapter 5). Thus, the esterification reaction between AAc and n-butanol 

takes place, firstly, in the FBR and, according to Figure 6.1, the outlet stream of the FBR 

at equilibrium conditions is directly connected to the SMBR where the separation of the 

extract and raffinate streams occurs. Furthermore, practically all unreacted AAc from the 

first reactor (FBR) is then consumed in the second one (SMBR), where there is n-butanol 

in excess, since this reactant is also used as eluent/desorbent. Afterwards, a pervaporation 

unit (PERV) and a distillation column are used as separation units for the outlet streams 

treatment, extract and raffinate, respectively. Then, the operating parameters of each unit 

were optimised to assess if it would be possible to achieve a better performance than the 

one obtained previously with the conventional SMBR process (Chapter 5): same raffinate 

purity (PRaff  ≥ 99.5 %) with higher productivity and less desorbent consumption. Each 

unit was optimised in terms of dimensions and operating parameters, considering 

different scenarios for eluent recovery, which will be discussed in Section 6.2.3.2. 

However, the dimensions of SMBR at industrial scale obtained in the previous Chapter 

were kept in order to set a reference for performance data comparison (12 columns with 

a length of 0.615 m and a diameter of 2.23 m).  

 

Figure 6.1. New process plant design (enhanced SMBR) for BAc synthesis. 
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6.2.2. SMBR optimisation 

For the evaluation of the process feasibility, the determination of the design 

parameters is mandatory. Therefore, firstly, it is essential to know its design and 

configuration. As previously mentioned, in order to compare the production capacity of 

the conventional SMBR and actual process designs, equivalent SMBR dimensions were 

considered in both studies. In the previous case (conventional reactor), the optimisation 

was performed by determining the RSR at different conditions. The best performance 

was achieved by using a configuration 2-4-4-2, two columns for section 1, four columns 

for section 2 and 3 and, two columns for section 4, respectively, and a switching time of 

3.1 minutes at 363 K, reaching a limiting reactant conversion of 99.5 % and a raffinate 

purity of 99.9 %. The annual production capacity reached with that process was about of 

51,500 tBAc.year-1, consuming 1.0 Ln-Butanol.kgBAc
-1

 (after recycling all possible eluent from 

the raffinate and the extract streams). In this case (enhanced SMBR), the same procedure 

was followed for the process optimisation. The RSRs were determined for different 

SMBR configurations, considering that the feed stream is composed by a reaction mixture 

in equilibrium conditions coming from FBR (which was previously feed with a mixture 

of n-butanol/AAc with the molar ratio of (1:2)) instead of an equimolar composition of 

the reactants as considered in conventional SMBR. For each configuration, the operating 

optimal point of the respective RSR was determined by changing 𝛾2 and 𝛾3 (ratio of 

interstitial liquid and simulated solid velocities in the section 2 and 3 of the SMBR, 

respectively), in order to find the maximum feed flow rate that allows to obtain the desired 

separation (BAc purity ≥ 99.5 %, free eluent basis), which corresponds to the vertex of 

the region 3. This procedure is performed for a fixed values of 1 = 9.10 and 4 =1.52, as 

determined by the equilibrium theory applying a safety factor of 5 %. The RSRs 

determined for the proposed process strategy (FBR coupled with SMBR) are presented 

in Figure 6.2, as well as the RSR obtained for the conventional SMBR in order to allow 

a direct comparison between the two process designs.  
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Figure 6.2. Reactive Separation Region for Enhanced SMBR process (FBR 

coupled with SMBR) using two different configurations (2-4-4-2 and 2-3-5-2) and 

optimal RSR for the conventional SMBR process. Raffinate purity criteria ≥ 

99.5  % (solvent-free basis). 

 

Analysing the Figure 6.2, it is possible to conclude that coupling the FBR with the 

SMBR can enhance the BAc production. Comparing the different configurations studied 

for the FBR plus SMBR process design, it is noticeable that the most efficient 

performance is achieved when the configuration 2-3-5-2 is used. Due to the relatively 

low selectivity of the resin between BAc and AAc, it is necessary to increase the number 

of columns in section 3 in order to avoid the contamination of the raffinate stream with 

AAc. That way, this configuration is more suitable for this system allowing to work with 

higher feed flow rate ensuring the required purity specifications leading to higher 

productivity and less desorbent consumption.  

A sensitivity analysis to the flow rate ratios between the liquid and the solid phases of 

sections 1 and 4 (the critical sections for the SMBR operation), was made aiming to 

maximize the process performance. As described in Chapter 5 (Section 5.4.1), through 

the Equilibrium Theory, the most widely used methodology for the determination of these 

parameters, a value of 9.10 is determined for the flow rate ratio in section 1 ( 1 ) and 1.52 

in section 4 ( 4 ), respectively, assuming that no chemical reaction takes place in those 

sections. The sensitivity analysis was carried out by varying 1  from -6 % to 4 % and 4  

from -2 % to 2 %. Since the SMBR dimensions and the switching time ( *t ) were kept 
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constant, consequently and according to equation (6.1), the solid velocity ( sU ) remains 

constant. Therefore, the flow rate ratios in each section were changed varying the liquid 

flow rate in that section, according to the equations from (6.2) to (6.6). The solid velocity 

is determined by equation (6.1): 

*

b
s

L
U

t
  (6.1) 

 where bL  is the column length, and the relation between the liquid and solid velocity in each 

section is given by: 

j j

j

s s

u Q

U A U



   (6.2) 

where ju  and jQ  represent the liquid velocity and the volumetric flow rate in the section 

j (1 to 4), respectively. 

In turn, the flow rate of each section is given by the following equations: 

1 EL RecQ Q Q   (6.3) 

2 1 ExtQ Q Q   (6.4) 

3 2 FQ Q Q 
 

(6.5) 

4 3 Raff RecQ Q Q Q    (6.6) 

For each pair of 1  and 4  a new RSR was determined. The respective optimal points 

in terms of productivity and desorbent consumption are represented in Figure 6.3 (a) and 

b), respectively, which show that the effect on the process productivity (on the left) 

promoted by changing 1  in the range of -4% to 4% relative to the equilibrium theory 

value (keeping 4 ) is almost negligible. Nevertheless, looking at the desorbent 

consumption (on the right), there is an evident minimum consumption when 1  is 

decreased by 4 % and the Equilibrium Theory value is kept for 4  (1.52). 
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a) b) 

Figure 6.3. Sensitivity analysis to 1 and 4  using a 2-3-5-2 

configuration: a)  Productivity data (kBAc.(LAds
-1.day-1)) and b) Desorbent 

consumption (Ln- butanol.kgBAc
- 1). 0% corresponds to the original values obtained 

from the Equilibrium Theory ( 1 = 9.10 and 4 =1.52). 

 

The operating and performance parameters obtained along this study are summarized 

in Table 6.1 together with the values previously determined for the conventional SMBR 

(first column).  
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Table 6.1. Operating and performance parameters optimised for 

Enhanced SMBR vs Conventional SMBR at 363 K. 

Process Conventional 

SMBR 

Enhanced                                                                   

SMBR 

Parameters/Configuration 2-4-4-2 2-4-4-2 2-3-5-2 

2-3-5-2 

sensitivity 

analysis 

 2-3-5-2  

sensitivity analysis 

with S.F. 

QF (L.min-1) 118 110 138 138 130 

QExt (L.min-1) 2315 2265 2256 2145 2148 

QEL (L.min-1) 2397 2390 2390 2280 2280 

QRec  (L.min-1) 475 478 478 478 478 

Cn-butanol,F (mol.L-1) 5.76 0.57 0.57 0.57 0.57 

CAAc,F (mol.L-1) 5.76 4.56 4.56 4.56 4.56 

CBAc,F (mol.L-1) - 3.47 3.47 3.47 3.47 

CWater,F (mol.L-1) - 3.47 3.47 3.47 3.47 

PExt (%) 99.3 99.5 99.6 99.6 99.6 

PRaff (%) 99.8 99.6 99.6 99.5 99.7 

Conv. (%) 99.5 98.9 99.0 99.0 99.3 

Prod (kgBAc.(Lads
-1.day-1)) 7.22 9.39 11.8 11.8 11.1 

DesC (Ln-Butanol.kgBAc
-1) 27.6 20.8 16.5 15.7 16.7 

 

The second and third columns of Table 6.1 correspond to the vertex of the RSR 

(optimal point) for the enhanced SMBR process (FBR plus SMBR) using the 

configurations 2-4-4-2 and 2-3-5-2, respectively. It is possible to increase the productivity 

by 25% with the 2-3-5-2 configuration and to decrease the desorbent consumption by 

approximately 20%. After the sensitivity analysis performed to 1  and 4 , it was possible 

to decrease the desorbent consumption even further (5% less n-butanol is required). On 

the other hand, if these operating parameters were implemented at real industrial scale, 

this process would be working under a very sensitive set of conditions with respect to the 

raffinate purity. Any disturbance on the optimal operating parameters (such as slight 

variations of the feed stream composition or fluctuations on the flow rate of the inlet and 

outlet streams of the SMBR, for instance) might lead to the contamination of the raffinate, 

making it impossible to obtain BAc with the required specifications (minimum purity of 

99.5%). Therefore, a security factor (S.F.) must be applied to some of the most relevant 
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operating parameters (feed and extract flow rates) in order to get a reliable set of operating 

conditions, which can be observed on the right column in Table 6.1 ( 2-3-5-2 after 

sensitivity analysis with S.F.). Accordingly, in this case, a S.F. of (-0.5) % and (-1.5) % 

were applied to 2  and 3 , respectively. 

Afterwards, the optimal operating conditions found for the enhanced SMBR (on the 

right column of Table 6.1) were used to obtain the respective concentration profiles, 

which are shown in Figure 6.4 together with the concentration profile obtained with the 

conventional SMBR process.  

 

 

Figure 6.4. Concentration profiles in the conventional SMBR and 

enhanced SMBR at cyclic steady state (21st cycle) and 363 K using *t   3.1 min 

(all operating conditions are presented in Table 6.1). Grey profile corresponds to 

the conventional SMBR study (Feed design 1 = 2-4-4-2) and the black one 

corresponds to the enhanced SMBR (Feed design 2 = 2-3-5-2). 

 

Comparing both profiles, it can be concluded that there was an evident extension of 

the reaction in the enhanced SMBR strategy (FBR plus SMBR), as intended. In section 

3, it is possible to observe a sudden decrease in n-butanol concentration, since this is the 

section where the reaction between the AAc and n-butanol occurs yielding BAc and 

water. Furthermore, according to the adsorption data measured over Amberlyst-15 (see 

Chapter 3), this resin is more selective to water than to BAc and, because of that, this 
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compound is present inside the unit at higher concentrations. Indeed, this is one of the 

advantages of SMBR since the reaction and adsorption occur simultaneously.  

 

6.2.3. Process integration and optimisation 

The process integration was studied in order to assess the feasibility of the global 

process design suggested in this Chapter. For that, all remaining units presented in Figure 

6.1 were dimensioned: the FBR and the downstream units to treat the outlet streams of 

SMBR. All data are presented below. 

 

6.2.3.1. Dimensioning of FBR 

A FBR operating at 363 K was simulated according to the mathematical model 

described in Chapter 3 (see Section 3.3). For that, a feed solution comprising a n-

butanol/AAc mixture with the molar ratio of (1:2) was considered as previously, at the 

same optimal feed flow rate (130 L.min-1) found for the enhanced SMBR with a 2-3-5-2 

configuration after the sensitivity analysis and the application of S.F. in 2  and 3 .  

The respective dimensions needed to reach the equilibrium conversion were 

determined and they are presented in Table 6.2, together with the characteristics of the 

adsorbent/catalyst used. The ratio between the diameter and the length (dint/Lb = 3.6) of 

each column of the industrial SMBR configuration was kept for FBR unit to avoid 

differences on the bed properties. 
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Table 6.2. Characteristics of the FBR and resin (Amberlyst-15) used in 

simulation runs. 

Parameter Value 

Column length (Lb), m 2.00 

Column internal diameter (dint), m 7.25 

Resin particle porosity ( p ) 0.360 

Bed porosity ( ) 

 

0.410 

Resin Particle radius (rp), µm 

 

 

 

375 

Bulk density ( b ), kg m-3 400 

 

Then, a simulation run was performed considering the reaction data measured for BAc 

system over the ion exchange resin Amberlyst-15 that is available in the open literature 1 

and the multicomponent adsorption data determined in Chapter 3 (Table 3.3). The 

concentration histories are shown in Figure 6.5. 

 

 

Figure 6.5. Concentration histories at the outlet of the FBR initially 

saturated with n-butanol and fed with a mixture of n-butanol/AAc (Cn-butanol,F = 

4.06 mol.L-1 and CAAc,F = 8.06 mol.L-1); QF = 130 L.min-1 and T = 363 K. 
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Contrarily to the conventional SMBR process, in this case it is possible to use AAc in 

excess in the feed stream, since it enters diluted in SMBR (outlet stream of FBR) avoiding 

raffinate contamination with AAc, as shown in the concentration histories presented in 

Figure 6.5. Initially, the reactor is saturated with the eluent (n-butanol) that acts also as 

reactant. As the feed mixture enters the reactor, the AAc is consumed producing BAc and 

water. When the steady state is achieved, a mixture almost at equilibrium conditions is 

obtained, composed by 4.8 % of n-butanol, 37.8 % of AAc and 28.7 % of BAc and water. 

This outlet stream is, then, fed to the SMBR unit. 

 

6.2.3.2. Eluent recovery 

Additional separation units were studied to treat the outlet streams of the SMBR, the 

raffinate and extract streams, composed by n-butanol and BAc and n-butanol and water, 

respectively. After analysing the concentration profiles of the SMBR and determining its 

outlet streams compositions it is possible to design the complementary separation units 

in order to get the desired product purity (BAc, ≥ 99.5 %). Furthermore, through the 

process integration it is possible to study the eluent recovery enabling to evaluate the 

process sustainability. So, the raffinate stream of the SMBR comprises 50.7 mol.%  of n-

butanol and 49.1 mol.% of BAc while the remaining composition corresponds to 

impurities of AAc and water (0.02 %). Thus, a distillation column was considered to treat 

this stream and a similar procedure to the previous study (Chapter 5) was followed aiming 

to determine the optimised parameters required to perform the desired separation. 

Accordingly, ASPEN PLUS (Version 8.6) was used to simulate this unit using the 

RadFrac method (after a first estimation with the DSTWU method, as previously done in 

Chapter 5). In summary, the inputs for this simulation method are the feed volumetric 

flow rate (F), temperature (T), number of trays (N), feed stage (NF), reflux ratio (Ractual) 

and the bottom to feed ratio besides the molar feed composition. The main process 

operating parameters of the distillation column are displayed in Table 6.3 while the input 

and final parameters obtained with Radfrac method are presented in Table 6.4, 

respectively.  
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Table 6.3. Process operating parameters of the distillation column for the 

raffinate treatment in the enhanced SMBR process. 

F (L.min-1) ZF XD XB D (L.min-1) B (L.min-1) 

262 0.491 0.990 0.005 98.9 101.5 

 

Table 6.4. Input and output data of the distillation column simulation using 

RadFrac method. 

Parameter Input value Parameter Output value 

N 29 BAc purity (bottom), mol. % 99.7 

NF 19 n-butanol purity (top), mol. % 95.6 

𝑅𝑎𝑐𝑡𝑢𝑎𝑙 1.70 Reboiler duty, J.s-1 2.10106 

Condenser total   

bottoms to feed ratio 0.96   

 

The final parameters were calculated based on equations (5.40) to (5.42), which are 

described in Chapter 5 (see Section 5.4.6.1) and, they are presented in Table 6.5. 

 

Table 6.5. Final parameters required for the distillation unit to treat the 

raffinate stream from enhanced SMBR.  

Nactual Htower (m) Ltower (m) Dtower (m) Htray (m) 

41.4 29.0 34.9 1.55 0.70 

 

Analysing the results, the dimensions of the distillation column required for this 

process (enhanced SMBR) are smaller than the dimensions of the distillation column 

determined for conventional SMBR (34.9 x 1.55) m instead of (39.7 x 1.92) m, reducing 

also the required energy consumption. These facts are due to the differences in the molar 

compositions of the raffinate stream obtained in SMBR of the different design processes, 

since BAc is more concentrated in raffinate stream coming from the enhanced SMBR 

(FBR plus SMBR).  
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Under optimum conditions, the BAc purity obtained on the bottom stream of the 

distillation column reached 99.7 % while the n-butanol obtained on top stream presented 

a purity of 95.6 %. Furthermore, it is possible to conclude that the process design strategy 

studied in this Chapter is able to produce 67,000 tBAc.year-1 by feeding 262 L.min-1 (total 

raffinate flow rate) to this distillation column. This represents a production capacity 30 

% higher than the production capacity of the previous process design configuration 

(conventional SMBR). 

It is important to note that despite the high temperatures verified in the reboiler, the 

risk of polymerisation is low or negligible since the polymerisation reaction of AAc and 

BAc is initiated by radicals present in the mixture 4. So, it is unlikely to occur in the 

present distillation column, because its function is limited to the separation of n-butanol 

and BAc in the presence of only trace amounts of AAc. 

As in the previous Chapter, the length of the column was estimated to be 20 % higher 

than the required just for trays and the height of each tray was assumed to be 0.7 m, as 

mentioned in the open literature 5. 

Regarding the extract stream from the enhanced SMBR unit, it presents a molar 

composition of 95.4 % of n-butanol and 4.6 % of water. Since the amount of water is less 

than 10 % 6, a pervaporation unit was considered for the n-butanol dehydration with 

hydrophilic membanes. This unit was investigated according to the mathematical model 

described in the previous Chapter (see Section 5.4.6.2). The parameters required to 

determine the permeance as well as the molar flux permeate, 𝐽𝑖, for each compound, 

which are essential to carry out the pervaporation process simulation, are summarized in 

Table 6.6. 
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Table 6.6. Parameters required to determine the permeance and the 

permeate molar flux of the pervaporation unit to treat the extract stream of the 

enhanced SMBR at 363 K. 

Parameter/Compound n-Butanol Water 

, ,   memb i refQ (kg.(m-2 h-1 bar-1)) 0.207a 16.4a 

iE  (J.mol-1) 20.2a 6.90a 

,i Fx  0.954 0.046 

,i permy  0.115 0.885 

0

,i FP (bar) 0.342 0.700 

permP  (bar) 0.016 

T (K) 363.2 

m  160b 

a,b data from Sommer’s and Melin’s work 7, 8. 

 

From Table 6.6, the permeance values, ,  m iQ , can be determined at 363 K being 0.207 

kg.(m-2 h-1 bar-1) for n-butanol and 16.4 kg.(m2.h-1.bar-1) for water 6. After that, a 

simulation of the pervaporation process was performed considering a feed flow rate of 

2148 L.min-1 that corresponds to the extract flow rate from SMBR unit. As a result, a 

module of 785 m2 is needed, allowing to remove 97.70 % of water and to reach 99.97 wt. 

% of n-butanol purity (retentate).  

Finally, the eluent recovery (ER) can be studied taking into account the recycling of 

the outlet streams obtained from the downstream units. For that, two different scenarios 

were investigated, ER1 and ER2, which are presented in Figure 6.6 and Figure 6.7, 

respectively. 



PROCESS INTENSIFICATION FOR BUTYL ACRYLATE SYNTHESIS BASED ON SORPTION-ENHANCED REACTION 

AND PERVAPORATION-BASED HYBRID PROCESSES 

 

188 

 

Figure 6.6. Configuration for n-butanol recycle using the outlet stream of 

the pervaporation unit (Scenario ER1). Feed and Eluent represent the feed and 

eluent nodes, respectively. 

 

 

Figure 6.7. Configuration for n-butanol recycle using the outlet stream of 

the pervaporation unit and 48.5 % of the top stream of the distillation column 

(Scenario ER2). 
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 The most relevant stream for the recovery of the eluent is the outlet stream from the 

pervaporation unit, representing the highest saving in eluent and energy consumption. 

Basically, the scenario ER1 consists of n-butanol recycle from the membrane (stream 11) 

to the eluent stream of SMBR (stream 6). In the second scenario (ER2), besides the eluent 

recovery strategy adopted in scenario ER1, 48.5 % of the top stream of the distillation 

column is reintroduced in the process through the feed stream of the FBR. The remaining 

is discarded to ensure the required molar feed ratio of n-butanol/AAc (1:2), in order to 

get the same molar feed composition for the SMBR. That way, the total amount of fresh 

n-butanol required in the process (which is introduced through streams 1 and 8) can be 

significantly reduced. The different flow rates and the respective concentrations for each 

stream, according to the different scenarios ER1 and ER2, are shown in Table 6.7 and 

Table 6.8, respectively.  

 

Table 6.7. Concentrations and flow rates of the streams according to the 

scenario ER1. 

Stream Q 

(L.min-1) 

Cn-butanol 

  (mol.L-1) 

CAAc 

(mol.L-1) 

CBac  

(mol.L-1) 

CWater 

(mol.L-1) 

#3 130 4.06100 8.06100 - - 

#4 130 5.7510-1 4.56100 3.47100 3.47100 

#9 112 9.44100 - 4.2410-1 1.9810-2 

#11 2141 10.0100 - - 1.0710-2 

 

Table 6.8. Concentrations and flow rates of the streams according to the 

scenario ER2. 

Stream Q 

 (L.min-1) 

Cn-butanol 

 (mol.L-1) 

CAAc 

 (mol.L-1) 

CBac  

(mol.L-1) 

CWater 

(mol.L-1) 

#3 130 3.95100 7.83100 1.7810-1 8.0010-3 

#4 130 5.7410-1 4.50100 3.53100 3.36100 

#9a 54.4 9.44100 - 4.2510-1 1.9810-2 

#11 2141 10.0100 - - 1.0710-2 
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In Table 6.9 are displayed the global performance parameters, including the energy 

and desorbent consumption, according to each scenario studied for the eluent recovery in 

the enhanced SMBR process design, as well as the best performance obtained in the 

conventional SMBR process (ER2).  

 

Table 6.9. Final performance parameters of the enhanced SMBR 

integrated according to the different eluent recovery scenarios (ER1 and ER2) 

and comparison with the conventional SMBR process (scenario ER2). 

Performance Parameters 

Coventional 

SMBR 

(ER2) 

Enhanced 

SMBR 

(Open) 

Enhanced 

SMBR 

(ER1) 

Enhanced 

SMBR 

(ER2) 

BAc purity (%) 99.7 99.7 99.5 99.5 

Production capacity (103) (tBAc.year-1) 51.5 67.3 67.2 67.0 

DesC  (Ln-Butanol.kgBAc
-1) 1.00 16.9 1.49 1.11 

Energy consumption (kJ.kgBAc
-1) (103) 1.80 3.77 1.93 1.87 

 

The results show that it is possible to save about 91.1 % of the eluent (with the scenario 

ER1) in relation to the open process (without n-butanol recycle) while the scenario ER2 

allows to recover 93.4 %, approximately. Accordingly, the energy demand per kg of the 

product was estimated for each scenario, considering the enthalpies of each stream. The 

reactors were considered to operate under isothermal conditions, the reboiler duty was 

obtained from the simulations results in ASPEN PLUS (Version 8.6) and the energy 

required for the pervaporation unit was determined by using the non-isothermal model 

described in Chapter 5. All thermophysical data necessary were found in the open 

literature 9 (see Appendix E). As expected, the ER2 showed to be the most economic 

choice, requiring 1.85103 kJ.kgBAc
-1 against 1.93103 kJ.kgBAc

-1 for the ER1 and 3.77 

103 kJ.kgBAc
-1 for the open process. Comparing with the conventional SMBR (1.80103 

kJ.kgBAc
-1), both present similar energy demand for a similar eluent recovery strategy, 

although this actual process design (enhanced SMBR) affords a higher production 

capacity (around 30 %). 
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 Conclusions 

An enhanced SMBR process for butyl acrylate synthesis over Amberlyst-15 was 

studied by coupling a FBR with a SMBR unit operating at 363 K. The viability of this 

novel process design was investigated at industrial scale, by modelling the process 

according to the flow diagram proposed. 

The design and operating parameters were found ensuring the desired separation and 

complete regeneration of the resin and eluent in sections 1 and 4, respectively. Reactive 

separation regions were determined for different SMBR configurations (columns 

arrangement per section) and further optimisation was performed with sensitivity analysis 

to the flow rates ratios determined from the Equilibrium Theory. 

The best performance was achieved with a molar feed ratio (n-butanol/AAc) of 1:2 in 

the FBR and a configuration of 2-3-5-2 (columns per section) in the SMBR, achieving 

the maximum productivity with the minimum desorbent/eluent (n-butanol) consumption 

for the BAc purity required. The most suitable operating flow rates for the new process 

design are: QEL = 2280 L.min-1, QRec = 478 L.min-1, QF = 130 L.min-1 and QExt = 2148 

L.min-1. 

A distillation column and a membrane pervaporation unit were dimensioned and 

optimised to treat the SMBR raffinate and the extract streams, respectively. In this case, 

a pervaporation unit of 785 m2 and a distillation column with 34.9 m of length (42 trays) 

and 1.55 m of diameter are enough to accomplish the purity specifications. Smaller 

downstream units are required for this new process design, since the extract flow rate to 

be treated by the pervaporation unit is lower and the BAc concentration in the raffinate 

stream is higher when the FBR is used before the SMBR, which simplifies the 

purification step and increases the process productivity. 

Additionally, the global process was studied considering different eluent recovery 

scenarios. The most attractive process was found by recycling the n-butanol from the 

pervaporation unit to the eluent stream of the SMBR and using 48.5 % of the top stream 

of distillation column as feed of the FBR (scenario ER2). As a result, it is possible to 

reach an eluent recovery of 93 % with a productivity of 67,000 tBAc.year-1.  

Finally, energy balances were performed and analysed which showed the viability of 

this process design and its competitiveness, since it presented the highest production 



PROCESS INTENSIFICATION FOR BUTYL ACRYLATE SYNTHESIS BASED ON SORPTION-ENHANCED REACTION 

AND PERVAPORATION-BASED HYBRID PROCESSES 

 

192 

capacity (30 % higher than the conventional SMBR) for a similar energy demand 

(1.87   103 kJ.kgBAc
-1) comparing with other state-of-the-art processes for the BAc 

synthesis, presented so far. 

 

 Notation 

Abbreviations 

AAc Acrylic Acid -  

BAc Butyl Acrylate -  

ER Eluent Recovery -  

FBR Fixed-Bed Adsorptive Reactor -  

RSR Reactive Separation Region -  

SMB Simulated Moving Bed -  

SMBR Simulated Moving Bed Reactor -  

SR Separation Region 

 

 

 

-  

  

Symbols 

A  Area m2 

Conv. Reaction Conversion %  

DesC Desorbent Consumption mn-Butanol
3.kgBAc

-1 

dint Column internal diameter  m 

pC
 

Liquid phase concentration inside the particle mol. m-3 

iE  Activation energy J.mol-1 

Eff  Tray efficiency - 

F  Feed flow rate (relative to distillation unit) m3.min-1 

towerH
 

Tower height m 

trayH
 

Height of each tray m 

J  Permeate molar flux kg.(m-2.h-1) 
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bL  Column bed length of reactors m 

towerL
 

Tower length  m 

N  Number of trays - 

FN
 

Feed tray - 

ExtP  Extract Purity % 

PermP  Permeate pressure bar 

RaffP  Raffinate Purity % 

Prod  Productivity kgBAc.(mads
-3 .day-1) 

Q  Volumetric flow rate  m3.min-1 

mQ  Membrane permeance kg.(m-2.h-1.bar-1) 

actualR  Reflux ratio - 

pr
 

Particle radius m 

*t  Switching time min 

T  Temperature K 

sU  Solid velocity m.s-1 

su  Superficial velocity m.s-1 

ju  Liquid velocity m.s-1 

x  Liquid phase molar fraction - 

Bx  Composition of the light compound in bottom - 

Dx  Composition of the light compound in distillate - 

y  Vapour phase molar fraction - 

Fz  Composition of the light compound in the feed - 

 

Greek Letters  

m  Selectivity relative to pervaporation process - 

  Interstitial velocities ratio - 

  Bulk porosity - 

p  Catalyst/adsorbent particle porosity  - 

b  Bulk density kg.m-3 
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Subcripts   

0 Relative to initial conditions - 

EL Eluent - 

Ext Extract - 

F Feed  

i Relative to a species  

j Relative to a section of SMBR unit  

out At the outlet of the fixed-bed column  

p Particle  

perm Permeate  

Raff Raffinate  

Rec Recycle  

ret Retentate   
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7.  Simulated Moving Bed Membrane 

Reactors 

In this Chapter, a novel approach to the study of the butyl acrylate synthesis is detailed 

focusing on Simulated Moving Bed Reactor based process re-intensification, which 

comprises a membrane reactor combined with Simulated Moving Bed technology 

(PermSMBR). This new hybrid technology includes two different separation processes, 

adsorption and pervaporation, with chemical reaction for butyl acrylate production by 

continuous water removal with hydrophilic membranes. In order to find the ideal 

conditions to reach the best PermSMBR performance, the process was investigated 

numerically for different operating and design parameters and an optimisation study was 

performed. For that, a mathematical model was proposed considering linear driving force 

(LDF) approximation for the mass-transfer resistances, membrane concentration 

polarisation and the solution-diffusion model to describe the membrane permeation. 

Promising results were obtained for 3-sections integrated PermSMBR with a 

configuration 4-6-2 (hydrophilic membranes per section packed with Amberlyst-15 ion 

exchange resin) and using a switching time of 4.0 min at 363 K. Comparing with the 

conventional Simulated Moving Bed Reactor, the productivity increased 36 % reducing 

significantly the desorbent consumption in 98 %. After the scaling up of the unit at 

industrial scale, the process integration was studied considering a distillation column for 

the eluent recovery (n-butanol) from the raffinate output stream. In this way, 100 % of 

the n-butanol was recovered from the top stream of the distillation column and it was 

used as a part of the feed solution of the integrated PermSMBR with 3 sections, which 

led to a n-butanol saving of 52 % in the respective fresh stream. 
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 Introduction  

Integrating chemical reaction with a separation process in the same equipment brings 

significant benefits for any continuous process. Usually, milder temperatures are enough 

to achieve good performance with higher reaction conversions and productivities 

comparing with the conventional processes (reaction followed by a separation step). 

Furthermore, savings on energy and other operating costs are expected 1, 2.  

In order to improve the performance of Simulated Moving Bed Reactor (SMBR) based 

processes previously studied, in this Chapter a new paradigm of the chemical engineering 

was taken into account, the process re-intensification3. In this framework, a 

multifunctional reactor (SMBR) is combined with an additional separation technique 

(membrane pervaporation) towards a new hybrid process,  the simulated moving bed 

membrane reactor, also known by PermSMBR 3. This new approach consists of several 

pervaporation membrane/chromatographic reactors working based on the simulated 

moving bed (SMB) technology operating principle and which can be implemented 

according to two different configurations, as follows: 

(i) Coupled configuration, which comprises a set of chromatographic reactors, 

packed with a catalyst/adsorbent, intercalated with tubular pervaporation 

membrane modules being all connected in series, as can be observed in Figure 

7.1;  

(ii) Integrated configuration, which comprises a set of tubular pervaporation 

membrane modules packed with a catalyst/adsorbent inside or outside of the 

membrane depending on where its active layer is placed, as represented in 

Figure 7.2. 
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Figure 7.1. Schematic diagram of a Simulated Moving Bed Membrane 

Reactor (PermSMBR) with four sections and a coupled configuration with 2-4-4-

2 packed chromatographic columns per section with 2-4-4-2 membranes 

intercalated. P represents the permeate stream trough the membranes which is 

composed majority by water (considering hydrophilic membranes). 

 

 

Figure 7.2. Schematic representation of a Simulated Moving Bed 

Membrane Reactor (PermSMBR) with four sections and an integrated 

configuration with 2-4-4-2 packed membrane per section. P represents the 

permeate stream trough the membranes which is composed majority by water 

(considering hydrophilic membranes). 

 

 Both configurations allow the combination of chromatography and pervaporation 

with chemical reaction in the same unit leading to a more effective secondary product 

removal (water in this case) from the system. Moreover, this continuous removal by 



CHAPTER 7. SIMULATED MOVING BED MEMBRANE REACTORS 

 

201 

different ways allows a reaction conversion enhancement and a reduction on the 

desorbent/eluent consumption for the adsorbent regeneration since the most adsorbed 

compound is, simultaneously, the most permeated through the membranes.  

PermSMBR technology was already applied in the synthesis of different oxygenated 

compounds like esters and acetals 4-6 showing to be a very effective process able to reduce 

significantly the desorbent consumption and leading to productivity enhancement when 

compared with the SMBR. One of the first applications was the synthesis of 1,1-

dietoxyethane (1,1-DEE) 3, which is a blending agent for biofuels that can be included in 

diesel fuel up to 10 % allowing a reduction of 34.6 % on the emissions of particulate mass 

and 3.3 % on the NOx emissions from fuel combustion. Comparing with SMBR, the 

synthesis of 1,1-DEE was improved using PermSMBR technology with a reduction of 

40  % on the eluent consumption and increasing the productivity about 53 %. A green 

solvent, the ethyl lactate 3, was also produced using this novel technology with very 

promising results. In this case, the productivity was improved 33.9 % and the eluent 

consumption was reduced 28.2% relatively to the results obtained with the SMBR. 

Afterwards, the application of this new hybrid technology was extended to the synthesis 

of 1,1-dibutoxyethane (1,1-DBE) 7, for which a productivity of 72.1 kgDBE.(Lads
-1.day-1) 

was attained with a desorbent consumption of 1.84 Ln-butanol.kgDBE
-1

. This performance 

corresponds to a productivity enhancement of 33 % and a desorbent consumption 

reduction of 30 % showing to be a more effective process than SMBR. Moreover, further 

improvement on the PermSMBR performance is even possible by eliminating the extract 

outlet stream that leads to a reduction on the sections number of the unit (from 4 to 3) 

requiring less desorbent consumption for the adsorbent regeneration. With this process 

configuration strategy, it is possible to produce 1,1-DBE with significantly reduced 

amount of eluent, less 88 % than in SMBR process and a similar productivity. 

In summary, the promising results obtained with PermSMBR technology for the 

production of the different oxygenated compounds show that it is a very effective process 

for butyl acrylate synthesis. So, in this Chapter the performance of this new hybrid 

technology was investigated numerically at industrial scale and compared with the other 

SMBR based processes studied previously. 
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 Mathematical Model 

A mathematical model similar to that described for the SMBR (Chapter 5, equations 

(5.1) – (5.22)) was considered to predict the concentrations profiles and the outlet streams 

compositions (extract and raffinate) obtained with a PermSMBR for a set period. Thus, 

similar assumptions considered on the SMBR study were taken into account, such as:  

i) plug flow with axial dispersion for the bulk fluid phase; 

ii) constant bed volume and packing porosity; 

iii) linear driving force (LDF) approximation for the inter and intra-particle mass 

transfer rates; 

iv) velocity variations due to changes in the bulk compositions (resulting from 

reaction, adsorption/desorption and species permeation, in this case); 

v) multicomponent adsorption equilibrium (at the adsorbent phase); 

vi) isothermal operation.  

However, besides that, the model also considers: 

vii)  membrane concentration polarisation;  

viii)  solution-diffusion model to describe the membrane permeation. 

 The UNIFAC method was used to determine the activity coefficients, as previously. 

Therefore, for the integrated PermSMBR configuration, the particle mass balance is the 

same of the SMBR model described by equation 5.2 (Chapter 5) while the equations (5.1) 

and (5.3) must be replaced by the equations (7.1) and (7.2) for the PermSMBR model, 

respectively: 

Bulk fluid mass balance to component i in membrane k: 

 
,, ,

1( ) 3ik k ik ik m
p ikL ik ik ax k T ik

p

C u C x A
k C C D C J

t z r z z



 

     
       

      
 (7.1) 

The total mass balance, which allows determining the interstitial fluid velocity 

variation, is given by: 

 
,, , ,
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1 3 NC n
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 
  (7.2) 
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where mA is the membrane specific area (membrane area per volume) and the permeate 

flux through each membrane, ikJ , should be taken into account according to the 

following equation (considering a pervaporation membrane in this case): 

 0

,ik ov ik ik i ik permJ k a y PP   (7.3) 

where 
0

iP and permP  are the saturation and permeate pressures, respectively, while ika  

and iky  are the liquid phase activity of each compound and the molar composition in 

the vapour phase (permeate side). The mole fraction of component i in the vapour phase 

of the column k, iky , can be calculated as follows:  

1

ik

NCik

iki

J
y

J





 (7.4) 

Regarding the global membrane mass transfer coefficient, ,ov ikk , it combines the 

membrane resistance (that corresponds to the inverse of the membrane permeance, ,m ikQ  ) 

with the resistance due to the diffusive transport in the boundary layer 8: 

0

,

, , , ,

1 1 ik ik M i

ov ik m ik i F bl ik

a P V

k Q x k
   (7.5) 

where ,bl ikk  is the membrane boundary layer mass transfer coefficient that can be 

determined through the Lévêque correlation 9 (valid for laminar flow and Graetz number, 

 2 /int s M md u D L , much greater that one): 

0.33

0.33 0.331.62 int

m

d
Sh Re Sc

L

 
  

 
 , (Re < 2300) (7.6) 

where , /ikbl int MSh k d D , /int sRe d u   and / ( )MSc D   are the Sherwood, 

Reynolds and Schmidt numbers, respectively,  MD is the molecular diffusivity in the 

boundary layer, intd  is the internal diameter of the tubular  membrane, mL  is the 

membrane length,   is the fluid density and   is the fluid viscosity. 
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The infinite dilution diffusivities as well as the diffusion coefficient in concentrated 

solutions were estimated according to the equations (3.20)-(3.22), which are described in 

Section 3.3.1.  

Concerning a PermSMBR with a coupled configuration, other changes are required 

since a membrane module follows each chromatographic reactor, sequentially. Therefore, 

the mass balance equations are independent for each unit being the equations (5.1) and 

(5.3) described for the chromatographic reactors in the SMBR mathematical model also 

considered in this case. However, the membrane mass balance and the fluid velocity 

variation must be included in the present model: 

Mass balance to component i in the retentate side of the membrane m: 

, , ,

, ,

( )i m m i m i m

ax m T m i m

C u C x
D C A J

t z z z

   
   

    
 (7.7) 

where ,i mJ is obtained by equation (7.3). 

Fluid velocity variation in membrane m: 

, ,

1

NC
m

m i m M i

i

du
A J V

dz 

    (7.8) 

Initial and Danckwerts boundary conditions are given by: 

,, ,00 :    p iki m ik ikt C C C C
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where the subscripts F and 0 refers to the feed and initial states, respectively. 
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The mass balance to the nodes (eluent, extract, raffinate and feed) can be described by 

equations (5.14) – (5.20); however, each section must consider also the following 

equations: 

,, , , 0b mb i k z L i m z
C C

 
  (7.14) 

,, , , 1 0b mi m z L b i k z
C C

  
  (7.15) 

, 0b mk z L m z
Q Q

 
  (7.16) 

, 1 0b mm z L k z
Q Q

  
  (7.17) 

Similarly to the SMBR, the ratio between the fluid interstitial velocity, ju , and the 

simulated solid velocity for each section is given by /j j su U  while the switching time 

is defined by 
* /Integrated m st L U , where sU  is the solid interstitial velocity and mL  is the 

membrane module length in the PermSMBR integrated configuration. For the coupled 

configuration, the switching time was determined based on the average residence time 

required for the flow to go through each membrane module plus the switching time used 

in SMBR unit, as described in Section 7.3.1. 

For both configurations, the axial dispersion coefficient ( axD ) is estimated from the 

following empirical correlation, which is valid for liquids in packed beds 10 . 

0.480.2 0.011p pPe Re    (7.18) 

where /p p axPe ud D and /p pRe d u   are the Peclet and the Reynolds number relative to 

the particle, respectively. 

Finally, to complete the PermSMBR mathematical model, fundamental data are 

required, including the kinetic parameters and equilibrium constant which are described 

in Chapter 5 (equations (5.4)-(5.6)) and the multicomponent adsorption data that are 

presented in Table 3.3. The adsorption equilibrium of component i in column/membrane 

k, is described by the multicomponent Langmuir isotherm equation, which is described 

in Chapter 3 (equation (3.5)). 
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All those data were measured over Amberlyst-15 ion exchange resin, which is 

considered in PermSMBR model as catalyst and adsorbent material like in the other 

SMBR based processes studied. Besides that, the pervaporation data measured with 

hydrophilic membranes and presented in Chapter 4 (Table 4.4) must also be taken into 

account. In both PermSMBR configurations, commercial hybrid silica membranes from 

Pervatech with hydrophilic characteristics were considered, which present a maximum 

operating temperature and pressure of 423 K and 10 bar, respectively (more details are 

given in Chapter 4, Section 4.2.1). The difference is that, on the integrated configuration 

the membrane modules were considered to be packed (inside of each membrane, as 

represented in Figure 7.3) with A-15, acting as catalyst and adsorbent, while in the 

coupled configuration just the fixed-bed columns are considered to be packed with A-15 

and each membrane that follows each FBR just works as pervaporation unit. 

 

 

Figure 7.3. Schematic representation of the fluxes in a membrane of the 

PermSMBR process. F corresponds to the flux and   represents the bed porosity 

in the integrated configuration case where each membrane is packed with 

Amberlyst-15. 

 

Regarding the PermSMBR process performance, independently of the configuration, 

it can be assessed for different operating conditions over a complete cycle according to 

the performance parameters described by equations (5.23)-(5.27) in SMBR mathematical 

model (Chapter 5, Section 5.3.1). 
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7.2.1. Numerical Solution 

The numerical solution of this problem was obtained by using the commercial 

software gPROMS (general PROcess Modelling System) version 4.2.0, using orthogonal 

collocation in finite elements (OCFEM) with third order polynomials; to this end, the 

axial dimension of the bed was discretized in 30 finite elements with 2 interior collocation 

points in each finite element. The DASOLV system solver was used to solve the resulting 

system of ordinary differential equations in time. For all simulations, a tolerance of 10-5 

was used. It was assumed that a PermSMBR simulation reached the cyclic steady state 

when the columns profiles in two consecutive cycles had less than 1.0 % of relative 

deviation. 

 

 Results and Discussion 

7.3.1. Process Design  

An equivalence between PermSMBR and SMBR was performed in order to compare 

both technologies in a fair way. For that, the same solid velocity used in SMBR was 

considered, 7.42 (cm.min-1), in the PermSMBR integrated configuration. So, since the 

length (Lm) of the commercial membranes is higher than the fixed-bed columns 

considered in the SMBR pilot scale unit (LICOSEP), a new switching time was 

determined according to equation (5.22). Furthermore, the ratio between the fluid 

interstitial velocity and the simulated solid interstitial velocity ( j ) of each section (from 

1 to 4) of the SMBR were also kept according to the Equilibrium Theory by changing the 

respective section flow rates. In order to have the same specific area of each column, 13 

membranes per module were considered. Regarding the coupled configuration, a new 

switching time (
*

Coupledt ) was determined based on the average of the residence time 

required for the flow to go through each membrane module (
,modrt = 3.74 min) plus the 

switching time used in SMBR unit (3.1 min), according to equations (7.19-7.20), from 
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which was obtained a value of 6.84 min. In Table 7.1 the main parameters used in the 

PermSMBR and SMBR simulations are summarized. 

* *

,modCoupled SMBR rt t t   (7.19) 

4
mod

mod,,mod
1 ,

r j

j j SMBR

V
t N

Q

 
   

 
  (7.20) 

where modV  is the volume of a membrane module that is 127.3 cm3 (considering 13 

membranes per module), mod, jN corresponds to the number of membrane modules per 

section ( j ) and ,j SMBRQ  is the section flow rate in SMBR process. Design parameters 

considered in the different processes are summarised in Table 7.1. 

 

Table 7.1. Parameters considered in the simulations of the SMBR and the 

PermSMBR. 

Parameters SMBR 
Integrated 

PermSMBR  

Coupled 

PermSMBR  

Number of fixed-bed 

columns/ membranes per 

module, N 

12 packed 

fixed-bed 

columns 

12 modules of 13 

packed membranes 

(per module)  

12 packed fixed bed 

columns + 12 

modules of 13 

membranes 

Length, bL  (cm) 23 - 23 

Length, mL (cm) - 25.45 25.45 

Internal diameter, intd (cm) 2.6 0.7/ membrane 
2.6/column and 

0.7/membrane 

A-15 solid weight (g) 48.9 51.0 48.9 

Switching time, *t (min) 3.1 3.43 6.84 

Bed porosity,   0.41 0.41 0.41 

Solid Velocity, sU  (cm.min-1) 7.42 7.42 7.08 

1 ; 4  (= /j su U ;1≤ j ≤4)) 9.27;1.52 9.27;1.52 9.27;1.52 

Pressure, P (mbar) - 5.00 5.00 
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After the PermSMBR mathematical model implementation and before studying its 

performance for the BAc synthesis, the first step was to validate the mathematical model 

to compare it with the SMBR results. For that, it was considered that no flux crosses the 

membrane (total flux, 0tJ  ). In this way, a similar concentration profile to the one 

obtained with SMBR mathematical model is expected using the PermSMBR 

mathematical model with the parameters presented in Table 7.2 and the respective section 

flow rates determined (Table 7.2) with base on the equivalence of the two technologies 

described previously.  

 

Table 7.2. Operating and performance parameters of SMBR and 

integrated PermSMBR without flux (J=0). 

Parameters SMBR Integrated PermSMBR (J=0) 

Configuration 2-4-4-2 

T, K 363 

t* (min) 3.10 3.43 

QF (mL.min-1) 6.50 6.10 

QExt  (mL.min-1) 117.6 111 

QEL  (mL.min-1) 122 115.2 

QRec  (mL.min-1) 24.0 22.5 

PExt (%) 99.4 99.4 

PRaff (%) 99.5 99.6 

Conv. (%) 99.3 99.5 

Prod. (kgBAc.(Lads
-1.day-1)) 7.83 7.33 

Des.C (Ln-Butanol.kgBAc
-1) 25.5 24.7 

 

As a result, the concentration profiles obtained in both reactors, SMBR and 

PermSMBR (without flux through of the membranes), using the different mathematical 

models are presented in Figure 7.4.  
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Figure 7.4. Concentration profiles in SMBR (grey profile) and PermSMBR 

without flux through the membranes (black profile) at the middle of the switching 

time (3.10 min and 3.43 min, respectively) at cyclic steady state (21st and 41th 

cycle, respectively) at 363 K. 

 

Comparing both concentration profiles, it is possible to observe that they are very 

similar confirming that the mathematical model described in this Chapter and the 

respective assumptions considered are suitable for the comparison of the two reactors.  

Afterwards, it is possible to evaluate the integrated PermSMBR performance for the 

synthesis of BAc considering the total flux that crosses the membranes by including the 

pervaporation data and performing an optimisation study, which is presented in the 

following sections.  

 

7.3.2. Reactive Separation Region 

7.3.2.1. Coupled and integrated PermSMBR configurations  

Reactive separation regions (RSR) were determined numerically with the PermSMBR 

mathematical model considering two different configurations of the reactor: i) integrated 

PermSMBR, where the SMBR columns are replaced by packed pervaporation 

membranes and, ii) coupled PermSMBR, where each fixed-bed column is followed by a 

pervaporation membrane (not packed, in this case). Thus, the esterification reaction 
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between AAc and n-butanol was simulated at 363 K using different PermSMBR 

configurations. For a fair comparison with SMBR technology, the RSR of the different 

configurations were determined by keeping constant the recycle and eluent flow rates 

( 1 and 4 ). The respective RSR are presented in Figure 7.5 for which a configuration 2-

4-4-2 was used, like in the conventional SMBR study (Chapter 5).  

 

 

Figure 7.5. Reactive Separation Region for the integrated PermSMBR, 

coupled PermSMBR and SMBR processes (Configuration: 2-4-4-2; feed solution 

with equimolar reactants composition; t*SMBR= 3.10 min, t*Integrated = 3.43 min 

and t*Coupled.  = 6.84 min) at 363 K. Raffinate purity criteria ≥ 99.5 % (solvent-

free basis). 

 

According to the results, the RSR for both PermSMBR configurations are bigger than 

for SMBR due to better water separation efficiency, being the integrated PermSMBR the 

most effective process, which allows having a larger RSR. In both cases, the raffinate 

purity increased as expected since water is now removed from the reaction medium by 

adsorption and pervaporation processes. 

However, regarding the maximum productivity and desorbent consumption, the two 

PermSMBR processes are very similar to the SMBR. Although water is more efficiently 

removed, the BAc contamination with AAc is still high since the adsorption parameters 

are very similar for both components, so the purity criteria required for BAc (≥ 99.5 %) 

is not fulfilled for much higher feed flow rates than the one used in the conventional 
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SMBR. Nevertheless, the productivity improved 2.1 % (8.00 kgBAc.(Lads-1.day-1)) and 

the desorbent consumption was reduced 11 % (22.6 Ln-butanol.kgBAc
-1) with the integrated 

PermSMBR configuration comparatively to the conventional SMBR technology.  

 

7.3.2.2. Integrated PermSMBR with 3 sections 

Since the PermSMBR technology allows removing the water continuously by 

adsorption and by pervaporation process along the reactor, as mentioned previously, the 

extract stream is not required. Thus, a new columns arrangement was considered for the 

integrated PermSMBR process optimisation, namely, a configuration of 4-6-2 

(membranes per section) in which the extract stream is removed reducing the unit to 3 

sections (PermSMBR-3s), as can be observed in Figure 7.6. Afterwards, another RSR 

was determined and compared with the remaining RSR (Figure 7.7).  

 

 

Figure 7.6. Schematic representation of an integrated PermSMBR with 3 

sections, using a 4-6-2 configuration. P represents the permeate stream trough 

the membranes which is mainly composed by water (considering hydrophilic 

membranes). A = n-Butanol, B = Acrylic Acid, C = Butyl Acrylate, D = Water. 

 



CHAPTER 7. SIMULATED MOVING BED MEMBRANE REACTORS 

 

213 

 

Figure 7.7. Reactive Separation Regions for integrated PermSMBR and 

SMBR processes (Configuration: 2-4-4-2) and integrated PermSMBR with 3 

sections (Configuration: 4-6-2); t*SMBR= 3.10 min and t*PermSMBR = 3.43 min; feed 

solution with equimolar reactants composition at 363 K. All regions were 

determined for a raffinate purity criteria ≥ 99.5 % (solvent-free basis). 

 

In order to compare all RSR in a fair way, in the PermSMBR-3s it was considered that 

2 1   due to the elimination of the extract stream, so the flow rate ratios are kept 

constant from section 1 to section 2. The results show that a more effective process was 

achieved allowing to use higher feed flow rates than the previous configuration (2-4-4-2) 

and leading to higher productivity (more 26 %) and lower desorbent consumption (less 

96 %). 

 

7.3.2.3. Effect of switching time 

Additionally, other RSR were determined using different switching times for both 

configurations, 4 sections (integrated PermSMBR, 2-4-4-2) and 3 sections (3-sections 

integrated PermSMBR, 4-6-2) and the maximum operating points of each one are 

represented in Figure 7.8 and Figure 7.9, respectively. 
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Figure 7.8. Optimal operating points as a function of switching time for 

the integrated PermSMBR process. 

 

 

Figure 7.9. Optimal operating points as a function of switching time for 

the integrated PermSMBR with 3 sections. 

 

 In integrated configuration case (4 sections) the maximum performance (maximum 

productivity and minimum eluent consumption) is obtained with the switching time of 

3.43 min that was obtained previously by equation (5.22) considering the membrane 

module length (25.45 cm) and for which the RSR presented in Figure 7.7 (dashed lines) 

was determined. The concentration profiles obtained at those operating conditions are 
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presented in Figure 7.10, which shows that both sections 1 and 4 are totally regenerated 

(solid and eluent, respectively). 

 

 

Figure 7.10. Concentration profiles in the integrated PermSMBR 

configuration for BAc synthesis at the middle of the switching time (3.43 min) at 

cyclic steady state (41th cycle); T = 363 K and configuration 2-4-4-2 (feed solution 

with an equimolar reactants composition). 

 

 The ideal operating parameters found for this configuration allow a great BAc purity 

(99.7 mol. %) on raffinate stream (outlet of the column 10) since the unreacted AAc is 

dragged with solid to the left and the permeate streams through of the integrated 

hydrophilic membranes lead to a significant water removal from inside the reactor. 

On the other hand, according to the Figure 7.9, the maximum performance in the 3 

sections configuration case is attained with a switching time of 4.0 min (maximum 

productivity and minimum eluent consumption). The respective concentration profiles 

can be observed in Figure 7.11, where the enhanced BAc production along the reactor is 

clear. Comparing with the SMBR performance, the productivity was improved by 36 % 

(10.7 kgBAc.(Lads
-1.day-1)) and the eluent consumption was significantly reduced, about 

98 % (0.44 Ln-Butanol.kgBAc
-1). Besides that, the results show that the ideal section flow 

rates found are not enough to regenerate the solid (section 1) and eluent (section 4).  

However, the contamination of those sections is made with the target product and 

increases the overall concentration of BAc throughout the unit.  
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A summary of all operating and performance parameters for the most effective 

PermSMBR configurations, namely, integrated, integrated with 3-sections and optimised 

integrated with 3-sections, can be observed and compared in Table 7.3. 

 

 

Figure 7.11. Concentration profiles in the optimised PermSMBR with 3 

sections for BAc synthesis at the middle of the switching time (4.0 min) at cyclic 

steady state (41th cycle); T = 363 K and Configuration 4-6-2 (feed solution with 

an equimolar reactants composition). 
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Table 7.3. Operating and performance parameters of integrated 

PermSMBR and integrated PermSMBR-3s at 363 K. 

Parameters 
Integrated 

PermSMBR  

Integrated 

PermSMBR-3s 

Optimised Integrated 

PermSMBR-3s 

Configuration 2-4-4-2 4-6-2 4-6-2 

t* (min) 3.43 3.43 4.00 

QF (mL.min-1) 7.10 9.00 9.5 

QExt (mL.min-1) 109.8 - - 

QEL (mL.min-1) 115.2 6.00 3.00 

QRec (mL.min-1) 22.5 22.5 22.1 

PExt (%) 90.5 - - 

PRaff (%) 99.7 99.6 99.5 

Conv. (%) 99.5 99.8 99.6 

Prod. (kgBAc.(Lads
-1.day-1)) 8.00 10.1 10.7 

Des.C (Ln-Butanol.kgBAc
-1) 22.6 0.93 0.44 

 

7.3.2.1. Sensitivity Analysis  

Finally, a sensitivity analysis to 1  and 4  (the ratio between the liquid and solid 

velocity in sections 1 and 4, respectively) was performed by varying each one by 2 and 4 

%, above and below the values determined by the Equilibrium Theory and the results are 

presented in Figure 7.12 and Figure 7.13, for the integrated PermSMBR with 4 and 3 

sections, respectively.  
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a)  b) 

Figure 7.12. Sensitivity analysis to the RSR of the integrated PermSMBR 

process:  a) Productivity; b) Desorbent Consumption; 0% corresponds to the 

original values obtained from the Equilibrium Theory ( 1 = 9.10 and 4 =1.52). 

 

  

a)  b) 

Figure 7.13. Sensitivity analysis to the RSR of the 3-sections integrated 

PermSMBR:  a) Productivity; b) Desorbent Consumption; 0% corresponds to the 

original values obtained for a switching time of 4.0 min ( 1 = 1.94 and 4 =1.71). 

 

Looking at the maximum productivity of the first case (Figure 7.12 (a)) and minimum 

desorbent consumption (Figure 7.12 (b)), the maximum performance is attained when 4  

is between -2 and 2 % of the original value (1.55) and 1 is kept constant (9.27).  
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Regarding the 3 sections configuration, it is important to mention that, contrary to the 

previous case, although several points are displayed in the Figure 7.13, the values of ( 1

, 4 ) that fulfill the purity criteria (BAc ≥ 99.5 %) are (0,0) % and (0,-2) %. So, between 

them, the maximum performance is attained with the original values determined from 

Equilibrium Theory (1.97 and 1.74), remembering that 1 2   in this case. 

 

7.3.3. From pilot to industrial scale 

7.3.3.1. PermSMBR scaling up to industrial scale 

A scaling-up study of PermSMBR was carried out. For that, the same production 

capacity that was set in the SMBR study at industrial scale was also set as the target of 

the PermSMBR-3s, 50,000 tBAc.year-1. Initially, the volume of the unit required to achieve 

the desired production capacity is calculated based on the volume of the pilot scale unit 

and the respective production capacity, according to equation (7.21): 

, ,PermSMBR IndustrialScale PermSMBR PilotScaleV ScaleFactor V   (7.21) 

 
..

.

Ind Scale

PilotScale

Prod Capacity
ScaleFactor

Prod Capacity
  (7.22) 

The total area of membranes inside of each module is given by equation (7.23): 

2

,t m m mA r N  (7.23) 

where mr and mN are the radius of a membrane and the number of membranes considered 

inside of each module, respectively. Considering that a membrane module has a tubular 

design, the total radius of membranes ( ,t mr ) can be obtained from equation (7.24). For a 

fair comparison of the reactors’ performance, SMBR and PermSMBR, the ratio between 

the total diameter of membranes and the respective length ,( / )t m md L was kept constant 

(3.6). 

2

, ,t m t mA r  (7.24) 
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Moreover, the diameter of each membrane module was calculated considering a shell 

and tube heat exchanger design, according to the equation (7.25) 11.  

1/2
2

1/2 mod

,mod 0.637

T
out

out

s

m

P
A d

dCL
D

CTP L

  
  

        
 

 
 
 

 (7.25) 

where T outP d C  and 0.25 outC d . The tube outside diameter, outd , was 

considered to be the commercial value of the membranes,0.3937 in. Lm is the membrane 

length, CL is the tube layout constant (0.87 for equilateral triangular pitch) and CTP is 

the tube pass constant (0.93 for one tube pass). The heat exchange area is given by: 

mod out m mA d N L  (7.26) 

where mN is the number of membranes inside of each module. 

A triangular pitch (tubes arrangement inside of each module) was considered, since it 

ensures a more compact arrangement and a smaller shell. Besides that, this arrangement 

facilitates a higher heat transfer rate 12. In Figure 7.14 a schematic representation of the 

selected arrangement is represented where PT and C correspond to the tube pitch (the 

shortest centre to centre distance between the adjacent tubes) and clearance, respectively. 

 

 

Figure 7.14. Schematic representation of triangular pitch (tubes 

arrangement inside a membrane module). 

In Table 7.4 are presented the respective design parameters determined to simulated 

the concentration profiles at industrial scale, according to the design algorithm presented 

in Figure 7.15. All ratios between liquid and solid velocities optimised in PermSMBR-3s 



CHAPTER 7. SIMULATED MOVING BED MEMBRANE REACTORS 

 

221 

at pilot scale were kept constant in all sections of the industrial scale unit in order to 

determine the respective ideal operating flow rates.  

 

Table 7.4. Design parameters of membrane modules at pilot and industrial 

scale. 

Parameter/ Scale Pilot Industrial 

Nm; Nmod 13; 12 83,000; 12 

dout; Ds,mod (dm) 0.100; 0.332 0.100; 39.33 

dt,m (dm) 0.252 20.17 

At_m (dm2) 0.050 319.4 

Amod (dm2) 10.39 146,070 

Lm (dm) 2.550 5.600 

VPermSMBR (dm3) 19.86 21,470 

Production Capacity (kgBAc.day-1)  127.5 136,986 
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Figure 7.15. Design algorithm to scale up a PermSMBR-3s unit according 

to the desired global productivity. 

 

Determine Lm from 

  

START 

Set a target: 

Production Capacity = 50,000 tBAc.year-1 

Determine  by eq. (7.24)   

Calculate required 

according to eq. (7.21) 

Guess Nm inside of each module  

Calculate  and keeping and 

from pilot scale unit 

Find by the flow rates ratio, , in 

PermSMBR at pilot sale unit 

Calculate

  

Simulate a Distillation Column, where 

  

Is the required 

global productivity 

achieved? 

No 

STOP 

Simulate PermSMBR-3s 

with the optimal t* (4.0 min) 

and configuration (4-6-2) of 

pilot scale unit. 

Yes 
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The concentration profiles were simulated according to the mathematical model 

described in section 7.2 and the respective operating and performance parameters 

obtained for PermSMBR-3s at industrial scale are shown in Table 7.5. Comparing the 

values obtained with the conventional SMBR performance at the same scale, higher 

productivity (48 %) and lower desorbent consumption (98 %) were achieved when 

membrane modules were integrated with SMBR technology and the extract stream is 

removed, PermSMBR-3s, which led to a significant reduction on the required eluent for 

the adsorbent regeneration. Similar results had been observed at pilot scale study. 

 

Table 7.5. Operating parameters of SMBR and PermSMBR-3s at 

Industrial Scale. 

Parameter/ Process SMBR PermSMBR-3s 

Temperature (K) 363 363 

Configuration 2-4-4-2 4-6-2 

t* (min) 3.40 4.00 

QEL (L.min-1) 2397 42.2 

QRec (L.min-1) 475 310.6 

QExt (L.min-1) 2314.5 - 

QF (L.min-1) 118.0 133.5 

QRaff (L.min-1) 200.5 175.7 

PExt (%) 99.32 - 

PRaff (%) 99.75 99.53 

Conv. (%) 99.53 99.64 

Prod. (kgBAc.(Lads
-1.day-1)) 7.22 10.69 

Des.C (Ln-Butanol.kgBAc
-1) 22.7 0.44 

 

7.3.3.2. Process integration: eluent recovery  

Since the extract stream is not considered in PermSMBR-3s, the global process just 

requires one downstream unit. Thus, a distillation column unit was considered for the 

raffinate stream treatment and the process integration was investigated. The distillation 

column was dimensioned considering the raffinate stream, provided by PermSMBR-3s, 
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as the feed stream and then it was optimised. As the result, 99.5 mol. % of BAc is obtained 

at the bottom considering a reflux ratio of 2.71 and 13 theoretical plates being the column 

fed in the seventh tray. Like in the previously studied processes, the required dimensions 

were determined being the length (Ltower) and the diameter tower (Dtower ) 15 m and 1.2 

m, respectively. Other process parameters are displayed in Table 7.6 while the input and 

final parameters obtained with Radfrac method are presented in Table 7.7. 

 

Table 7.6. Process operating parameters of the distillation column for the 

raffinate treatment in the integrated PermSMBR process with 3 sections. 

F (L.min-1) ZF XD XB D (L.min-1) B (L.min-1) 

152.95 0.328 0.990 0.005 50.2 102.7 

 

Table 7.7. Input and output data of the distillation column simulation using 

RadFrac method. 

Parameter Input value Parameter Output value 

N 13 BAc purity (bottom), mol. % 99.5 

NF 7 n-butanol purity (top), mol. % 91.4 

𝑅𝑎𝑐𝑡𝑢𝑎𝑙 2.71 Reboiler duty, J.s-1 1.56106 

Condenser total   

Bottoms to feed ratio 0.96   

 

The different scenarios considered for the eluent recovery are represented in Figure 

7.16 and Figure 7.17, scenarios ER1 and ER2, respectively.  
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Figure 7.16. Configuration for eluent recycle using the top stream of the 

distillation column as part of the feed solution to the PermSMBR-3s unit (ER1). 

 

 

Figure 7.17. Configuration for eluent recycle using the top stream of the 

distillation column unit to the eluent stream of the PermSMBR-3s unit (ER2). 
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The first one considers that the eluent recovery is provided by the distillation column 

top stream as part of the feed stream to the PermSMBR-3s unit and the second one 

considers the eluent recovery from the distillation column top stream to the eluent stream 

of the PermSMBR-3s. After an energy balance to both scenarios, similar energy is 

required for the respective global processes, 1137 kJ.kgBAc
-1, leading to a reduction of 5.2 

% when compared with the energy required for the open process (without eluent 

recovery), 1200 kJ.kgBAc
-1. However, the second scenario does not allow achieving the 

desired BAc purity (99.5 %), so the most suitable choice is the eluent recovery from the 

distillation column top stream as a part (42 L.min-1) of the total feed solution 

(133.5  L.min-1) to the PermSMBR-3s unit. Fresh streams of n-butanol and AAc are 

required at 36 L.min-1 and 55 L.min-1, respectively, representing a n-butanol saving of 52 

% in the feed solution by recovering 100% of the condenser output stream. As the result, 

a new feed composition is obtained which is presented in Table 7.8 as well as all new 

input molar compositions according to the different scenarios. Regarding the final 

performance parameters, they can be observed in Figure 7.9. 

 

Table 7.8. Input molar composition data in PermSMBR-3s simulations at 

industrial scale according to the different eluent recycling scenarios. 

Scenario Open Process  ER1 ER2 

STREAM INPUT Feed Eluent Feed Eluent Feed Eluent 

xn-butanol 0.5000 1.0000 0.4884 1.0000 0.5000 0.9141 

xAAc 0.5000 0.0000 0.4886 0.0000 0.5000 0.0000 

xBAc 0.0000 0.0000 0.0223 0.0000 0.0000 0.0831 

xwater 0.0000 0.0000 0.0007 0.0000 0.0000 0.0028 
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Table 7.9. Final performance parameters resulting from PermSMBR-3s 

simulations at industrial scale according to the different eluent recycling 

scenarios. 

Performance Parameters Open Process ER1 ER2 

PRaff (%) 99.53 99.55 96.98 

Conv. (%) 99.64 99.65 97.06 

Prod. (kgBAc.(Lads
-1.day-1)) 10.69 10.74 10.83 

DesC (Ln-butanol.kgBAc
-1)  0.44 0.44 0.40 

Energy consumption (kJ.kgBAc
-1) (103) 1.24 1.18 1.18 

 

From the results in Figure 7.9, ER1 is the best choice for a sustainable PermSMBR 

process integration at industrial scale fulfilling the BAc purity criteria with great 

conversion and productivity values achieving a production capacity of 50,220 tBAc.year-

1. Moreover, this scenario leds to an energy saving of 5.2 % comparing with the open 

process (without eluent recovery). 

 

 Conclusions 

PermSMBR technology was studied for the first time for butyl acrylate production 

considering commercial hydrophilic membranes and Amberlyst-15 ion exchange resin as 

catalyst and adsorbent. A mathematical model was proposed for the different 

configurations, coupled and integrated, performing some assumptions based on the 

equivalence between the different Simulated Moving Bed Reactors based technologies. 

After model validation, larger reactive separation sections than the one determined for 

the conventional SMBR process were obtained due to the continuous water removal from 

the reaction media by adsorption and permeation, simultaneously.  

An optimisation study was performed, considering the integrated configuration, which 

showed to be more advantageous than the coupled configuration, by studying the effect 

of the switching time and performing a sensitivity analysis to the ratios between the liquid 
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and solid velocities in the critical PermSMBR sections (sections 1 and 4). Further 

optimisation was attained by reducing the unit from 4 to 3 sections eliminating the extract 

stream (3-sections integrated PermSMBR). The maximum performance of the reactor 

was achieved with a configuration 4-6-2 (columns per section) and a switching time of 

4.0 min at 363 K. Comparatively to the SMBR performance, the productivity increased 

36 % and the desorbent consumption was reduced 98 %. 

Finally, a design algorithm was suggested for the 3-sections integrated PermSMBR 

scaling up at industrial scale. All units were dimensioned including a distillation column 

that was suggested for the raffinate treatment. Two different scenarios were considered 

for the process integration with eluent recovery and the most suitable scenario comprises 

the use of the distillation column top stream as part of the feed solution to the 3-sections 

integrated PermSMBR unit leading to 100 % of n-butanol recovery. 

 

 Notation 

Abbreviations 

AAc Acrylic Acid -  

A-15 Amberlyst 15 ion exchange resin   

BAc Butyl Acrylate -  

CL Tube Layout Constant   

CTP Tube Pass Constant  

DBE Dibuthoxyethane  

DEE Dietoxyethane  

DC Distillation Column  

ER Eluent Recovery  

FBR Fixed-Bed Adsorptive Reactor - 

gPROMS general PROcess Modelling System  

LDF Linear Driving Force  

OCFEM Orthogonal Collocation in Finite Elements  
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PermSMBR Simulate Moving Bed Membrane Reactor  

RSR Reactive Separation Region - 

SMB Simulated Moving Bed - 

SMBR Simulated Moving Bed Reactor - 

SR Separation Region 

 

 

 

- 

PermSMBR-3s Simulate Moving Bed Membrane Reactor with 3 

sections (integrated configuration) 
 

   

Symbols 

a  Liquid phase activity  - 

mA  
Membrane area per unit module volume m2

membrane
 .m-3

bulk 

modA  Membrane module area  m2 

,t mA  Equivalent area to the total of membranes inside of 

a module 
m2 

B  Bottom flow rate (relative to reboiler) m3.min-1 

C
 

Clearance (relative to shell and tube design)  -  

iC  Liquid phase concentration mol.m-3 

Conv  Reaction Conversion % 

pC
 

Liquid phase concentration inside the particle mol.m-3 

D  Distillate flow rate (relative to condenser) m3.min-1 

axD  Axial dispersion coefficient m2.s-1 

DesC  Desorbent Consumption mn-Butanol
3.kgBAc

-1 

intd  Internal diameter of a tubular membrane m 

MD  Molecular diffusivity m2.s-1 

outd  Tube outside diameter m 

,modSD  Shell diameter (relative to a module) m 

,t md  Equivalent diameter to the total membranes inside 

of a module 
m 

F  Flow rate (relative to distillation column) m3.min-1 

towerH  Tower height m 

J  Permeate molar flux kg. (m-2 h-1) 
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Lk  Global mass transfer coefficient m.s-1 

bL  Fixed-bed column length  m 

mL  Membrane length  m 

towerL
 

Tower length m 

N  Number of trays - 

mN  Number of membranes - 

modN  Number of membranes modules - 

FN
 

Feed tray of distillation column - 

eP  Peclet number - 

ExtP  Extracte purity % 

PermP  Permeate pressure bar 

RaffP  Raffinate purity % 

Prod  Productivity kgBAc.(mads
-3 day-1) 

tP  Tube pitch (relative to shell and tube design) in 

q  Solid phase concentration in equilibrium with the 

fluid concentration inside the particle 
mol.m-3 

Q  Volumetric flow rate (relative to PermSMBR unit) m3.min-1 

mQ  Membrane permeance kg.(m-2 h-1 bar-1) 

actualR  Reflux ratio - 

eR  
Reynolds number - 

Sc  Schmidt number - 

Sh  Sherwood number - 

pr
 

Particle radius m 

,t mr  Equivalent radius to the total membranes inside of 

a module 
m 

*

integratedt  Switching time min 

*

coupledt  Switching time of coupled configuration min 

*

SMBRt  Switching time of SMBR min 

,modrt  Average of retention time in a membrane module min 

T  Temperature K 

sU  Solid velocity m.s-1 
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ju  Liquid velocity m.s-1 

su  Superficial velocity m.s-1 

MV  Molar volume m3.mol-1 

modV  Volume of a membranes module m3 

x  Liquid phase molar fraction - 

Bx  Composition of the light compound in bottom - 

Dx  Composition of the light compound in 

distillate 

- 

y  Vapour phase molar fraction - 

Fz  Composition of the light compound in the 

feed 

- 

   

Greek Letters 
 

 Interstitial velocities ratio - 

  Bulk porosity - 

p  Catalyst/adsorbent particle porosity  - 

b  Bulk density kg.m-3 

  
 

Subcripts   

0 Relative to initial conditions - 

b Bulk - 

EL Eluent - 

Ext Extract - 

F Feed - 

i Relative to a species - 

j Relative to a section of PermSMBR unit - 

m Membrane - 

out At the outlet of the fixed-bed column - 

p Particle - 

perm Permeate - 

Raff Raffinate - 

Rec Recycle - 
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t Tonnes - 
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8. Economical Evaluation 

A straightforward procedure was followed to determine the main costs involved in 

each process intensification strategy studied at industrial scale for the butyl acrylate 

synthesis. In order to compare all proposed schemes, the same calculation basis was used 

to assess the respective economic viability. In this Chapter, key economic indicators are 

presented, including the economic potential, production and investment costs for all 

process intensification strategies studied. Finally, a comparison with other process 

intensification alternatives, available in the open literature, is performed.  
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 Introduction  

As mentioned in Chapter 2, different process intensification strategies have emerged 

for butyl acrylate (BAc) production. Among them, some process schemes were scaled up 

at industrial scale and their economic viability was evaluated 1-3, including the Reactor-

Separator-Recycle (with one recycle) presented by Moraru et al.1, the reactive distillation 

column (RD) coupled with a decanter and flash 2, and the RD coupled with a decanter 

presented by Niesbach et al 3. The first authors presented a reduction on the production 

cost of 38 % (836 €.tBAc
-1), in relation to the market reference price of BAc 3 (1350 €.tBAc

-

1), for the Reactor-Separator-Recycle process, which comprises one fixed-bed reactor 

(FBR) and two distillation columns (more details are described in Chapter 2, section 2.6). 

A reduction of 43.5 % (762 €.tBAc
-1) was achieved with a RD coupled with a decanter and 

a flash vessel while Niesbach et al. determined a reduction of 37 % (855 €.tBAc
-1) using a 

RD column with a decanter. 

In this Chapter, a brief economic analysis, for each Simulated Moving Bed Reactor 

(SMBR) based process investigated in this thesis at industrial scale (the conventional 

SMBR, enhanced SMBR and Simulated Moving Bed Membrane Reactor with 3 sections, 

PermSMBR-3s), is performed in order to evaluate the respective feasibility and 

competitiveness. For that, a calculation basis, similar to the one described by other 

authors 1, is used for a fair comparison of the different processes schemes, including the 

ones available in the open literature. Finally, a summary of the main key economic 

parameters for all process intensification strategies for BAc production is presented, 

which showed that the conventional SMBR is the most attractive process with promising 

economic indicators. 

 

 Calculation Basis 

The fundamental economic parameters of each process integration strategy at 

industrial scale were calculated. In this section, the procedure and assumptions 
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considered are described using the enhanced simulated moving bed reactor (presented in 

Chapter 6) as reference case. 

Capital (CAPEX, capital expenditure), and operating (OPEX, operating expenditure) 

costs are the two major categories of costs involved in a project 4. For the total investment 

cost, the equipment dimensions, material of construction and operating pressure are 

crucial. Thus the different equipments involved in the enhanced SMBR were taken into 

account, including the FBR (7.9 %), SMBR (10.2 %), membrane pervaporation (PERV) 

unit (24.4 %), distillation column (15.9 %), trays (1.8 %), reboiler (5.8%), condenser (6.0 

%), heat exchangers (25.4 %), all pumps required (1.4 %) and a feed vessel (1.2 %).  

All the equipment costs were estimated based on equations described in Dimian et al. 

4 (Equations (8.1)-(8.4)), with exception of the cost of the pumps which were determined 

following a procedure described by Timmerhaus and Peters (through equation (8.5)) 5.  

 

   1.066 0.82

/ &S/ 280 957.9 2.18Vessels Columns m pC M D H F F   (8.1) 

Fp = 1 + 0.0074(P – 3.84) + 0.00023(P – 3.48)2). (8.2) 

   1.55&S/ 280 97.2Trays t m tC M D F F N   (8.3) 

     0.65&S/ 280 474.7 2.29HEx m d pC M A F F F     
(8.4) 

_ _

_

_
Equipment A Equipment B

n
capacity A

C C
capacity B

 
  

 
 (8.5) 

where the exponent n used was 0.34, which corresponds to pumps with a capacity range 

of 2-100 gallons per minute (gpm), or 0.33 for higher capacities, according to the 

literature 5. 

 The cost of vessels, reactors (SMBR and FBR) and columns were obtained from 

equation (8.1) using the Marshall and Swift (M&S) equipment cost index of 2011, 

1536.5, which was also considered by Moraru et al 1. All equipment was considered to 

be made of stainless steel (SS), so Fm, (material correction factor) is 2.25 (in equation 
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(8.1)). Fp is the pressure factor and can be determined by equation (8.2) for which 

atmospheric pressure operation was considered. For the trays cost estimation (internals 

of distillation column) equation (8.3) was used, where Ft is the tray factor that is 0 for 

sieve trays while Fm is 1.7 for SS material 4 and Nt is the number of trays. A cost 

estimation of shell and tubes heat exchangers was determined through equation (8.4), 

where Fm, is 3.75 for SS/SS materials (shell/tubes), Fd, is the design factor being 1.35 for 

kettle reboiler and 0.80 for fixed-tube sheet while  Fp  is the correction factor for the 

design pressure being 0 for pressure (P) lower than 10 bar 4. Afterwards, the CAPEX was 

calculated by adding all costs of the major equipment involved in each process. In the 

enhanced SMBR process case, a value of 3.87 M € was determined, which represents 

57.8 €.tBAc
-1 considering the production capacity of the respective process, 67,000 

tBAc.year-1. 

The operating or production costs (61.1 M €.year-1), CProduction, were calculated from 

equation (8.6) which includes the amortisation cost (0.9 %), CAmortisation, the utilities costs 

(2.4 %), the reactants costs (95.0 %) as well as the packing of the reactors (1.7 %).  

For the reactants cost, Creactants, the prices of acrylic acid (614.5 €.t-1) and n-butanol 

(628.8 €.t-1) provided in the open literature 3 were considered, resulting in a total of 58.0 

M €.year-1. An amount of 43.5 tonnes of catalyst/adsorbent (Amberlyst-15 ion exchange 

resin, A-15) is required for packing both FBR and SMBR (considering the FBR volume 

of 82.7 m3 and the SMBR volume of 28.9 m3). The price of A-15 was calculated based 

on the Sigma-Aldrich’s price (70.4 €.kg-1) and the packing replacement was considered 

at the end of 3 years. For the utilities costs, CUtilities, in enhanced SMBR case the cost of 

steam (72.2 %), cooling water (4.1 %), waste water treatment (22.4 %) and electricity 

(1.3 %) were taken into account. For that, the prices reported by Moraru et al.1 were 

considered: 7.01 €.GJ-1 for steam (6 bar), 0.65 €.GJ-1 for cooling water and 0.45 

€.kgorganics
-1 for waste water. Cooling water at 293 K was considered for coolers and 

condensers and steam at 6 bar, for the reboilers. For the electricity cost estimation a value 

of 0.125 €.kWh-1 was considered according to the Eurostat data (half-yearly electricity 

prices) for industry from European Commission home page 6. The yearly cost of all 

pumps were estimated based on the procedure described by Turton et al.7  (12 units were 

considered in this process). The design of all heat exchangers was based on a heat transfer 

coefficient of 700 kcal.(m-2.h-1.K-1)1 . As a result, the total cost of utilities required, for 

BAc production by means of the enhanced SMBR process, is about 1.49 M €.year-1. 
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Finally, the specific product cost (912 €.tBAc
-1), CSpecificProduct, was calculated from 

equation (8.7) while the amortisation cost, CAmortisation, gave a total value of approximately 

552,961 €.year-1 from equation (8.8). The payback period was standardised to 7 years for 

all processes. The Economic Potential of each process is calculated from equation (8.9) 

where CProduct is the market reference price (1350 €.tBAc
-1). 

Production Amortisation Utilities Reactants PackingC C C C C     (8.6) 

  / . specificProduct ProductionC C P Capacity  (8.7) 

/  AmortisationC CAPEX Payback Period  (8.8) 

.   Product ProductionEc Potential C P.Capacity C    (8.9) 

 Results and Discussion 

8.3.1. CAPEX 

All equipment considered in each process intensification strategy, as well as their 

respective dimensions and costs, are presented in Table 8.1 to Table 8.3, for conventional 

SMBR, enhanced SMBR and 3s- integrated PermSMBR, respectively. With respect to 

distillation columns, the dimensions were obtained from ASPEN PLUS software 

(Version 8.6). A residence time of 10 min was considered for mixers sizing and the hall-

full criteria was used 1. According to the results, either in the conventional SMBR or in 

the enhanced SMBR, the most expensive equipment are the heat exchanger required for 

heating of the eluent stream and the pervaporation unit used for the n-butanol 

dehydration, where each one represents over 20 % of the CAPEX in both processes. This 

fact is naturally due to the large flow rates treated by each equipment being both flow 

rates higher than 2000 L.min-1. Indeed, the main disadvantage of these processes 

(conventional and enhanced SMBR) is the large amount of eluent (n-butanol) required 

for the solid regeneration. 
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On the other hand, in the PermSMBR-3s case, the equipment which has the higher 

contribution for the CAPEX value is the set of membrane modules of the PermSMBR-3s 

(reactor), representing 97 % of the total CAPEX value. This reactor comprises 12 

membrane modules with a specific area of 1022 m2 (each module), so its cost was 

calculated based on a commercial value provided by Pervatech Company (Netherlands) 

and taking into account its dimensions (12 membrane modules). Regarding the remaining 

reactors in the conventional SMBR and enhanced SMBR, the respective costs were 

estimated from equation (8.1) based on their dimensions, which were determined in 

Chapter 5 and Chapter 6, respectively. 

 

Table 8.1. Major equipment costs and sizes considered in the Conventional 

Simulated Moving Bed Reactor process. 

Equipment 
Q  

(L.min-1) 

D  

(m) 

H       

(m) 

A           

(m2) 

Cost       

(M €) 

Mixing Tank 118 0.93 2.79 - 0.045 

HEx (feed stream) 118 - - 5.85 0.039 

HEx (eluent stream) 2397 - - 523 1.009 

HEx (condenser) 68.0 - - 75.5 0.206 

HEx (reboiler) 122 - - 42.9 0.199 

HEx (final product) 122 - - 4.42 0.045 

SMBR (N = 12) - 2.23 0.615 - 0.393 

Distillation Column 200.5 1.55 40 - 0.682 

Trays (Nt = 48) - 1.55 - - 0.077 

PERV (Nm = 29,500) 2314 0.007 1.0 649 0.835 

Pumps (12 units) - - - - 0.055 

CAPEX Total (M €)     3.586 
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Table 8.2. Major equipment costs and sizes considered in the Enhanced 

Simulated Moving Bed Reactor process. 

Equipment Q  

(L.min-1) 

D  

(m) 

H       

(m) 

A           

(m2) 

Cost       

(M €) 

Mixing Tank 130 0.96 2.88 - 0.047 

HEx (feed stream) 130 - - 6.29 0.041 

HEx (eluent stream) 2280 - - 437 0.898 

HEx (condenser) 112 - - 8.51 0.231 

HEx (reboiler) 167 - - 51.8 0.225 

HEx (final product) 167 - - 5.75 0.054 

SMBR (N = 12) - 2.23 0.62 - 0.393 

FBR 130 7.25 2.00 - 0.303 

Distillation Column 262 1.55 35 - 0.612 

Trays (Nt = 42) - 1.55 - - 0.068 

PERV (Nm = 35,600) 2148 0.007 1.0 785 0.945 

Pumps (11 units) - - - - 0.055 

CAPEX Total (M €)     3.872 
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Table 8.3. Major equipment costs and sizes considered in the Simulated 

Moving Bed Membrane Reactor with 3 sections, PermSMBR-3s process. 

Equipment Q  

(L.min-1) 

D  

(m) 

H       

(m) 

A           

(m2) 

Cost       

(M €) 

Mixing Tank 134 0.97 2.90 - 0.048 

HEx (feed stream) 134 - - 6.08 0.040 

HEx (eluent stream) 42.2 - - 1.85 0.026 

HEx (condenser) 46.0 - - 56.9 0.172 

HEx (reboiler) 126 - - 33.4 0.169 

HEx (final product) 126 - - 4.84 0.481 

PermSMBR (Nmod = 12, Nm = 83,000) - 0.007 0.56 1022.5 39.26 

Distillation Column 153 1.23 13 - 0.212 

Trays (Nt = 19) - 1.23 - - 0.021 

Pumps (9 units) - - - - 0.055 

CAPEX Total (M €)     40.48 

 

8.3.2. OPEX 

An overview of the total operating expenditure or production cost of the conventional 

SMBR (a) enhanced SMBR (b) and PermSMBR-3s (c) is displayed in Figure 8.1. 

Although in the PermSMBR-3s case the cost of the reactants has less impact in the overall 

production cost, it is noticed that this cost is predominant in all cases, representing 85 % 

of the total production cost in PermSMBR-3s and 95 % in the remaining process. Other 

important aspect is the amortisation cost that is significantly higher in PermSMBR-3s 

process, above ten times greater than the other SMBR based processes. Other costs 

involve the utilities and packing of reactors. For the first one, the global energy 

determined for each process through an energy balance was splitted by cooling or heating 

requirements and the same prices of steam and cooling water used by Moraru et al 1 were 

considered, as described previously (see Section 8.2). Moreover, the electricity required 

for all pumps was estimated assuming an efficiency of 85 %. The enhanced SMBR is the 
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process that requires higher packing costs since it includes two reactors and, from the 

industrial point of view, this process may be less attractive due to larger maintenance 

compared with the remaining processes. However, other key indicators must be taken 

into account for the processes competitiveness and viability evaluation, as the economic 

potential, for instance, which is discussed in Section 8.3.3.  

 

  

a) b) 

 

c) 

Figure 8.1. Overview of the production costs for each SMBR based 

process: a) Conventional SMBR (39.3 M €.year-1), Enhanced SMBR (61.1 M 

€.year-1) and PermSMBR-3s (43.3 M €.year-1). 
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8.3.3. Competitiveness 

8.3.3.1. SMBR based cyclic processes 

A direct comparison of the main indicators of the SMBR based cyclic processes 

studied can be observed in Figure 8.2, where CAPEX, production cost and economic 

potential are represented for each process. According to the results, the conventional 

SMBR is the most attractive process with the highest economic potential and the lowest 

production cost. Moreover, the results led to conclude that PermSMBR-3s requires the 

largest investment while the enhanced SMBR has the most expensive production due, 

mainly, to the great amount of reactants required and A-15 for the packing of the two 

reactors (FBR and SMBR). Regarding the economic potential, PermSMBR-3s and the 

enhanced SMBR present very similar values, 491 €.tBAc
-1 and 454 €.tBAc

-1, respectively. 

 

 

Figure 8.2. Comparison of the main economic indicators for the different 

Simulated Moving Bed Reactor based processes: Conventional SMBR, Enhanced 

SMBR and PermSMBR-3s. 
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8.3.3.2. SMBR based cyclic processes vs other process intensification 

strategies  

A summary of the main economic indicators determined for each process is presented 

in Table 8.4. In order to have an idea about the competitiveness of the SMBR based 

processes, results of other process intensification strategies proposed in the open 

literature for the synthesis of BAc were also considered, including RD with decanter 3, 

RD with decanter and flash 2 and Reactor-Separation-Recycle (one recycle) 1. All 

indicators were normalised by the respective production capacities (tBAc.year-1). In a 

general way, all process intensification processes using heterogeneous catalysis present 

very competitive specific product cost with significant reductions, from 32.5 % to 43.6 

%, relatively to the market reference price of BAc (1350 €.tBAc
-1). 

 

Table 8.4. Summary of the key economic indicators for the different PI 

strategies for the synthesis of BAc and comparison with PI strategies available in 

the open literature. 

Process parameters/ Process SMBR 
Enhanced 

SMBR 

PermSMBR-

3s 

RD with 

Decanter 3 

RD with 

Decanter 

and Flash 2  

Reactor-

Separation- 

Recycle 1 

P. Capacity (103) (tBAc.year-1) 51.5 67.0 50.2 20.0 20.6 20.5 

Energy (103) (kJ.kgBAc
-1) 1.80 1.87 1.18 1.69 - - 

CAPEX (€.tBAc
-1) 69.5 57.8 797 238 231 191 

CReactants (€.tBAc
-1) 725 866 734 743 714 707 

CUtilities (€.tBAc
-1) 21.8 22.2 11.7 76.6 15.0 101 

CAmortisation (€.tBAc
-1) 9.95 8.25 114 34.4 33.0 27.3 

CSpecifcProduct (€.tBAc
-1) 762 911 863 855 762 836 

Ec.Potential (€.tBAc
-1) 593 454 491 496 588 473 

 

Although different methodologies might have been used for the estimation of the 

operating costs, the conventional SMBR process shows the most promising indicators, 

with the best economic potential (593 €.tBAc
-1) and one of the lowest specific product cost 

(762 €.tBAc
-1), even comparing with the processes proposed by other authors. According 
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to this brief economic analysis, RD coupled with a decanter and flash presents a similar 

specific product cost to the conventional SMBR; however it requires an investment 3.4 

times higher than the conventional SMBR. Regarding the enhanced SMBR, it is the 

process that attains the highest production capacity (67,000 tBAc.year-1) with the smallest 

capital investment. 

 

 Conclusions 

A brief economic analysis was performed to assess the viability and competitiveness 

of all Simulated Moving Bed Reactor based processes studied at industrial scale. For that, 

a straightforward procedure was used based on similar methodologies used in the 

literature. Furthermore, a summary of the several key economic indicators was presented 

for all process intensification strategies studied as well as for those proposed by other 

authors. The results showed that all the alternatives using heterogeneous catalysis present 

very competitive specific product cost, all of them below the market reference price of 

butyl acrylate, allowing to reduce its specific product cost from 33 % to 44 %, 

approximately. Moreover, it is possible to conclude that the conventional simulated 

moving bed reactor and the enhanced simulated moving bed reactor require lower capital 

expenditure to reach much higher production capacity when compared with reactive 

distillation based processes.  

Finally, although different methodologies may have been used for the estimation of 

the operating costs, the highest economic potential indicator belongs to the conventional 

Simulated Moving Bed Reactor process (593 €.tBAc
-1) with one of the lowest specific 

product cost, 762 €.tBAc
-1. These results suggest that the conventional Simulated Moving 

Bed Reactor process is the most economically attractive solution for the synthesis of butyl 

acrylate at industrial scale among all alternative processes proposed, so far, in the 

literature. 
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 Notation 

Abbreviations 

AAc Acrylic Acid - 

A-15 Amberlyst 15 Ion Exchange Resin - 

BAc Butyl Acrylate - 

FBR Fixed-Bed Reactor - 

HEx Heat Exchanger - 

M Millions  

PERV Pervaporation - 

RD Reactive Distillation - 

SMBR Simulated Moving Bed Reactor - 

PermSMBR-3s Simulated Moving Bed Membrane Reactor with 3 

sections and integrated configuration 

- 

 

Symbols 

A  Area m 

AmortisationC  Amortisation cost  €.tBAc
-1 

CAPEX  Capital expenditure €.tBAc
-1 

EquipmentC  Equipment cost € 

HExC  Cost of heat exchanger € 

ReactantsC  
Reactants cost €.tBAc

-1 

Production
C  Production cost €.tBAc

-1 

SpecificProductC  Specific product cost €.tBAc
-1 

TraysC  Trays cost € 

UtilitiesC  Utilities cost €.tBAc
-1 

/Vessels ColumnsC  Cost of vessels or columns € 

D  Diameter m 

Ec.Potential Economic potential €.tBAc
-1 

dF  Design factor - 
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mF  Material correction factor - 

pF  Pressure factor - 

tF  Tray factor - 

H  Height m 

&M S  Marshall and Swift - 

mN  Number of membranes in a module - 

modN  Number of membrane modules - 

tN  Number of trays - 

OPEX Operating expenditure €.tBAc
-1 

P  Pressure bar 

.P Capacity  Production capacity tBAc.year-1 

Q  Flow rate m3.min-1
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9. Conclusions and Suggestions for 

Future Work 

 General Conclusions 

In this work, new process intensification approaches were investigated for butyl 

acrylate synthesis, from the equilibrium limited esterification reaction of acrylic acid with 

n-butanol, based on the simulated moving bed and membrane pervaporation technologies 

combining them with chemical reaction. Therefore, this Thesis comprised the study of 

different multifunctional reactors, including a simulated moving bed reactor 

(conventional SMBR), Enhanced SMBR (fixed-bed reactor coupled with a SMBR) and 

the integration of both separation techniques (adsorption and membrane pervaporation) 

with chemical reaction, the simulated moving bed membrane reactor (PermSMBR). For 

that, the elementary units were firstly investigated separately, namely, a fixed-bed reactor 

and a fixed-bed membrane reactor. An ion exchange resin, Amberlyst-15, was used as 

catalyst and adsorbent in the dynamic study of the fixed-bed adsorptive reactor. 

Commercial hydrophilic silica based membranes were considered for the study of the 

fixed-bed membrane reactor. Afterwards, the respective cyclic adsorption processes were 

studied through the different mathematical models developed, taking into account the 

fundamental kinetic data available in the literature, multicomponent adsorption 

equilibrium data and multicomponent pervaporation data. Hence, the principal 

conclusions of this thesis are: 

i) Fixed-bed Adsorptive Reactor  

Dynamic adsorption experiments were carried out at 323 K and 363 K in absence of 

reaction to determine the multicomponent adsorption equilibrium data over Amberlyst-

15 ion exchange resin. The results showed that the resin affinity towards the species 

involved in butyl acrylate synthesis, in descending order, is: water, n-butanol, acrylic acid 
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and butyl acrylate. In order to estimate the adsorption parameters, the multicomponent 

Langmuir adsorption isotherm was modified considering a constant volumetric 

monolayer capacity for all compounds. In this way, the number of estimated parameters 

was reduced from 8 parameters (one monolayer capacity and one equilibrium constant 

for each species) to 5, simplifying the parameters estimation procedure.  

Afterwards, the proposed mathematical model (already with the respective 

multicomponent adsorption equilibrium parameters previously estimated) was validated 

with experimental runs involving chemical reaction at 363 K under different conditions. 

In summary, this sorption-enhanced reaction process showed very promising results for 

the sustainable butyl acrylate production since it attained conversions significantly above 

the equilibrium conversion. 

ii) Fixed-bed Membrane Reactor  

A pervaporation based hybrid process was evaluated for the synthesis of butyl acrylate 

using commercial hydrophilic silica membranes from Pervatech BV (Netherlands) and 

A-15 ion exchange resin as catalyst/adsorbent. Fundamental pervaporation data for 

multicomponent mixtures were measured for the compounds involved in butyl acrylate 

synthesis in absence of reaction at 323, 353 and 363 K. Then, the permeance as function 

of temperature was determined for all species.  

The presence of butyl acrylate and acrylic acid severely affects the total permeate flux, 

due to higher mass transfer resistances in the boundary layer of the membrane. 

Nevertheless, the driving force for water is enhanced by increasing the temperature, since 

this species presents the highest vapour pressure. These conditions lead to higher 

permeate water mole fraction and, consequently, higher total flux since it is composed 

mainly by water. Hence, the compounds are selectively permeated in the following order: 

water > n-butanol > acrylic acid > butyl acrylate mainly due to the lower vapour pressure 

values for butyl acrylate and acrylic acid. 

Additionally, a mathematical model was developed focusing on either the dehydration 

of n-butanol, as the downstream separation techniques for of the simulated moving bed 

reactor extract stream, or on process intensification for the synthesis of butyl acrylate by 

continuous water permeation and adsorption, simultaneously. Significant improvement 

on the reaction conversion was reached, 99.8 %, using a fixed-bed membrane reactor 
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(fixed-bed reactor with integrated membranes) under isothermal conditions (363 K), 

which is 66 % higher comparatively to the reaction conversion attained in the fixed-bed 

adsorptive reactor at the same operating conditions (molar ratio of 1.3 with excess of n-

butanol). 

iii) Simulated Moving Bed Reactor 

The promising results obtained in the chromatographic reactor with Ambelyst-15 ion 

exchange resin led to the study of the butyl acrylate production in a Simulated Moving 

Bed Reactor. This process intensification strategy allows the reduction of the total 

number of units required comparing to the conventional process. A mathematical model 

was proposed to predict the concentrations profiles inside the reactor, which were 

assessed numerically at pilot and industrial scales taking into account the fundamental 

kinetic and adsorption data previously determined. After model validation at pilot scale 

with different experimental runs, the effect of configuration and other operating 

parameters were studied. Then, a SMBR was sized at industrial scale and the ideal 

operating conditions to reach the maximum productivity and minimum eluent 

consumption at industrial scale were determined, which are:  QEL = 2397 L.min-1, QRec = 

475 L.min-1, QF = 118 L.min-1 and QExt = 2315 L.min-1 at 363 K, using a configuration 

2-4-4-2 (columns per section) and a switching time of 3.1 minutes. 

Although promising results were observed, this kind of reactors require a large amount 

of eluent for the solid regeneration. Therefore, downstream units were proposed focusing 

on process integration in order to get a more sustainable process. All units were sized at 

industrial scale and different scenarios of eluent (n-butanol) recovery were investigated. 

The final global process attained a very competitive production capacity of 51,500 

tBAc.year-1 recycling almost all the n-butanol used as eluent. A reaction conversion of 99.8 

% was obtained at cyclic steady state, with a final product purity of 99.7 mol.%. 

iv) Enhanced Simulated Moving Bed Reactor 

A novel process design was investigated for the synthesis of butyl acrylate at industrial 

scale, by coupling two reactors: a fixed-bed reactor with a SMBR. The viability of this 

strategy was evaluated by modelling the process according to the flow diagram proposed. 

The best performance was achieved with a molar feed ratio of (1:2) (n-butanol:AAc) in 

the fixed-bed reactor and a configuration of 2-3-5-2 in the SMBR, achieving the 

maximum productivity with the minimum eluent consumption for the butyl acrylate 
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purity required. The most suitable operating flow rates for this new process design, at 

363  K are: QEL = 2280 L.min-1, QRec = 478 L.min-1, QF = 130 L.min-1 and QExt = 

2148  L.min-1, achieving a reaction conversion of 99.5 % and a production capacity 30 % 

higher (67,000 tBAc.year- 1) than the conventional SMBR with a similar energy 

consumption (1.85103 kJ.kgBAc
- 1). 

v) Simulated Moving Bed Membrane Reactor 

Integrating membrane pervaporation technology with chromatographic reactors can 

bring significant benefits for an equilibrium limited esterification reaction, as it was 

proved in the pervaporation membrane reactor study. Therefore, a new process approach 

based on the SMBR was studied by coupling it with hydrophilic silica membrane modules 

or integrating hydrophilic silica membranes in it, in a technology designated as simulated 

moving bed membrane reactor (PermSMBR). The process was investigated numerically 

through a mathematical model proposed and the integrated configuration reached a better 

performance than the coupled configuration. Since this strategy allows removing water 

by pervaporation and adsorption, simultaneously, the integrated configuration was 

reduced from 4 to 3 sections (eliminating the extract stream) in the PermSMBR-3s, which 

significantly reduced the amount of eluent required. Moreover, this process design 

requires one downstream unit less than the previous SMBR based processes. The 

maximum performance of the reactor, at 363 K, was achieved with a configuration 4-6-

2 and a switching time of 4.0 min. Comparatively to the SMBR performance, the 

productivity increased 36 % and the desorbent consumption reduced 98 %. 

vi) Economic Analysis 

Lastly, a brief economic evaluation was performed and the principal economic 

indicators were determined for the different SMBR based processes. From a direct 

comparison, PermSMBR-3s requires the largest investment while the enhanced SMBR 

has the most expensive production. 

The conventional SMBR process demonstrated to be the most attractive solution for 

the synthesis of butyl acrylate at industrial scale since it presents the highest economic 

potential (593 €.tBAc
-1), even compared with other process intensification strategies 

proposed in the open literature. Moreover, this process enables to reach a very 
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competitive specific product cost, 762 €.tBAc
-1, that represents a reduction of 

approximately 44 % on the market reference price of butyl acrylate (1350 €.tBAc
-1). 

 Suggestions for Future Work 

Although promising results were attained with the different SMBR based process 

intensification strategies studied in this Thesis for the synthesis of butyl acrylate, there is 

still a long way to be covered towards a real sustainable and competitive industrial 

process. Some topics must be deeper investigated in order to clarify some assumptions 

performed along this Thesis and /or complement some research lines that can lead to a 

better understanding of the results obtained. Hence, some suggestions of future work are 

here proposed: 

i) The deactivation of the catalyst/adsorbent must be investigated since it is 

known that the economic viability of a process depends, among several factors, 

on the catalyst life cycle. Moreover, tests of membrane stability in long term 

operation are recommended to check the materials compatibility (including 

catalyst and membrane coating); 

ii) Although promising results had been attained in a pervaporation hybrid 

process integrated with chemical reaction numerically, experimental runs must 

be performed in the pervaporation membrane reactor (single unit) under batch 

conditions in order to validate the mathematical model proposed in this Thesis;  

iii) As mentioned previously, the influence of the resin shrinking combined with 

the high viscosity of the eluent used (n-butanol) on the SMBR performance 

can be mitigated by using special fixed-bed columns with dynamic adjustable 

pistons in order to avoid the creation of voids in the bulk during the operation. 

This can help to reduce the dispersion observed in the concentration profiles 

inside the reactor, increasing its performance. In this way, experimental runs, 

using these sort of columns in the SMBR at pilot scale unit should be 

performed and the dispersion effect re-evaluated; Another alternative would 

be to perform some adaptations to the unit in order to mitigate the dispersion 

generated by the recycling line; 
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iv) Additionally, SMBR design can be optimised using an objective function 

based on annual profit maximisation, for instance, using more advanced 

optimisation tools (genetic algorithms, particles swarm optimisation, etc.).  

v) Finally, a study of alternative process integration configurations considering 

also different downstream units can be investigated. 
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Appendix A  

A.1. Materials Safety Data 

A.1.1. n-Butanol 

General Information 

Product Name/ Synonymous: n-Butanol/ Butyl Alcohol, 1-Butanol 

CAS No.: 71-36-3 

Molecular Formula: C4H10O 

Hazards Identification 

Classification according to 

Regulation (EC) No 1272/2008: 

 

Danger 

H226-Flammable liquids (Category 3)  

H302- Oral acute toxicity (Category 4) 

H315-Skin irritation (Category 2) 

H318 Serious eye damage (Category 1)  

H336 Specific target organ toxicity -single exposure (Category 3) 

Central nervous system 

H335 Specific target organ toxicity -single exposure (Category 3) 

Respiratory system. 

First Aid Measures 

In case of inhalation: Move person into fresh air. 

In case of eye contact: Wash with plenty of water for at least 15 minutes and consult 

a physician. 

In case of ingestion: Never give anything by mouth to an unconscious person. 

Rinse mouth with water. Consult a physician. 

Special medical attention: No data available. 
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Firefighting Measures 

Extinguishing media:  

 

Water spray, alcohol-resistant foam, dry chemical or carbon 

dioxide. 

Special hazards: Carbon dioxides. 

Advice for firefighters: Wear self-contained breathing apparatus for firefighting if 

necessary. 

Additional information: Use water spray to cool unopened containers. 

Accidental Release Measures 

Personal precautions and 

emergency procedures: 

Avoid breathing vapours, mist or gas. Ensure adequate 

ventilation. Beware of vapours accumulating to form 

explosive concentrations. 

Environmental precautions: Prevent further leakage or spillage if safe to do so. Do not let 

product enter drains. 

Methods and materials for 

containment and cleaning up: 

Contain spillage, and then collect with an electrically 

protected vacuum cleaner and place in container for disposal 

according to local regulations. 

Handling and Storage 

Precautions for safe handling: Avoid contact with skin and eyes.  

Avoid inhalation of vapour or mist. Keep away from sources 

of ignition. 

Conditions for safe storage: Store in cool place.  

Keep container tightly closed in a dry and well-ventilated 

place. 

Storage class (TRGS 510): Flammable liquids. 

Exposure Controls/Personal Protection 

Eye/face protection:  Use safety glasses with side-shields. Use equipment for eye 

protection tested and approved under appropriate government 

standards EN 166 (EU). 

Skin protection:  Handle with gloves (Nitrile rubber). 

Body protection:  Wear Complete suit protecting against chemicals. 

Respiratory protection:  Use a full-face respirator type ABEK (EN 14387). 
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Physical and Chemical Properties 

Appearance:  Colourless liquid. 

Melting point:  -90 ºC. 

Boiling point:  116 ºC. 

Vapour pressure:  0.5 kPa at 20 °C. 

Vapour density:  2.56 - (Air = 1.0). 

Flash point:  35 °C -closed cup. 

Explosion limits:  Upper explosion limit: 11.25 % (v/v) 

Lower explosion limit: 1.45 % (v/v). 

Auto-ignition temperature: 343°C. 

Decomposition temperature: No data available. 

Water solubility: 73 g.L-1 at 25 °C. 

Stability and Reactivity  

Reactivity: No data available. 

Chemical stability: Stable under recommended storage conditions 

Possibility of hazardous 

reactions: 

No data available. 

Possible hazardous 

decomposition products: 

No data available. 

Conditions to avoid: Heat, flames and sparks. 

Incompatible materials: Oxidizing agents, alkali metals, bases, strong acids, 

halogens. 

Toxicological Information 

Toxicity: Acute. 

LD50 Oral -Rat -790 mg/kg  

LC50 Inhalation -Rat -4 h -8000 ppm  

LD50 Dermal -Rabbit -3.400 mg/kg. 

Skin corrosion/ irritation: Skin -Rabbit  

Result: Skin irritation -24 h 
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Toxicological Information 

Eye damage/irritation:  Eyes -Rabbit  

Result: Blindness (OECD Test Guideline 405) 

Specific target organ toxicity 

(single exposure) 

May cause respiratory irritation. May cause drowsiness or 

dizziness. 

Specific target organ toxicity 

(repeated exposure) 

No data available 

Carcinogenicity: No component of this product present at levels greater than 

or equal to 0.1% is identified as probable, possible or 

confirmed human carcinogen by IARC 

 

A.1.2. Acrylic Acid 

General Information 

Product Name/ Synonymous: Acrylic Acid/ Propenoic Acid, Ethylenecarboxylic Acid. 

CAS No.: 79-07-7 

Molecular Formula: C3H4O2 

Hazards Identification 

Classification according to 

Regulation (EC) No 1272/2008: 

 

H226-Flammable liquids (Category 3) 

H302- Oral acute toxicity (Category4)  

H332- Inhalation acute toxicity (Category 4) 

H312- Dermal acute toxicity (Category 4)  

H314-Skin corrosion (Category 1A)  

H335-Specific target organ toxicity-single exposure (Category 3), 

Respiratory system  

H400-Acute aquatic toxicity (Category1). 

First Aid Measures 

In case of inhalation: Move person into fresh air. 

In case of eye contact: Rinse thoroughly with plenty of waterfor at least 15 minutes 

and consult a physician. 

In case of ingestion: Never give anything by mouth to an unconscious person. 

Rinse mouth with water. Consult a physician. 
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First Aid Measures 

Special medical attention: No data available. 

Firefighting Measures 

Extinguishing media:  

 

Use water spray, alcohol-resistant foam, dry chemical or 

carbon dioxide. 

Special hazards: Carbon oxides. Flash back possible over considerable 

distance. 

Advice for firefighters: Wear self-contained breathing apparatus for firefighting if 

necessary. 

Additional information: Use water spray to cool unopened containers 

Accidental Release Measures 

Personal precautions and 

emergency procedures: 

Avoid breathing vapours, mist or gas. Ensure adequate 

ventilation. Beware of vapours accumulating to form 

explosive concentrations. 

Environmental precautions: Prevent further leakage or spillage if safe to do so. 
Discharge into the environment must be avoided. 

Methods and materials for 

containment and cleaning up: 

Contain spillage, and then collect with an electrically 

protected vacuum cleaner and place in container for disposal 

according to local regulations. 

Handling and Storage 

Precautions for safe handling: Avoid contact with skin and eyes.  

Avoid inhalation of vapour or mist. Keep away from sources 

of ignition. 

Conditions for safe storage: Store in cool place.  

Keep container tightly closed in a dry and well-ventilated 

place. 

Storage class (TRGS 510): Flammable liquids. 

Exposure Controls/Personal Protection 

Eye/face protection:  Use safety glasses with side-shields.  

Use equipment for eye protection tested and approved under 

appropriate government standards EN 166 (EU). 

Skin protection:  Use proper glove removal technique (without touching 

glove's outer surface) to avoid skin contact with this product. 

Wash and dry hands. 

Body protection:  Wear complete suit protecting against chemicals. 
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Exposure Controls/Personal Protection 

Respiratory protection:  Use a full-face respirator type ABEK (EN 14387). 

Physical and Chemical Properties  

Appearance:  Colourless liquid. 

Melting point:  14 ºC 
 

Boiling point:  141 ºC 

Vapour pressure:  0.5 kPa at 20 °C 

5.3 kPa at 60 °C 

Vapour density:  2.5 (Air = 1.0) 

Flash point:  46 °C-closed cup 

Explosion limits:  Upper explosion limit: 13.7 % (v/v) 

Lower explosion limit: 2.0 % (v/v). 

Auto-ignition temperature: 438 ºC 

Decomposition temperature: No data available 

Water solubility: Completely miscible 

Stability and Reactivity  

Reactivity: No data available. 

Chemical stability: Stable under recommended storage conditions. 

Possibility of hazardous 

reactions: 

Reacts violently in contact with acids, amines, driers, 

polymerisation accelerators and easily oxidised materials. 

Polymerisation can occur. 

Possible hazardous 

decomposition products: 

Hazardous decomposition products formed under fire 

conditions- Carbon oxides. 

Conditions to avoid: High temperatures. Tends to polymerize. 

Incompatible materials: Strong oxidizing agents, strong bases, oxygen, polymerising 

initiators, peroxides. 
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Toxicological Information 

Toxicity: Acute. 

LD50 Oral-Rat-357 mg/kg (Acrylic acid 

LC50 Inhalation-Rat-male and female-4 h-> 5.1 

mg/l  (Acrylic acid) 

Skin corrosion/ irritation: Skin-Rabbit (Acrylic acid)  

Result: Causes severe burns.-3 min 

Eye damage/irritation:  Eyes-Rabbit (Acrylic acid)  

Result: Corrosive-18-24 h 

Specific target organ toxicity 

(single exposure) 

No data available 

Specific target organ toxicity 

(repeated exposure) 

No data available 

Other toxic effects on humans Very hazardous in case of skin contact, eye contact 

(corrosive). Hazardous in case of skin contact (corrosive), 

inhalation (lung corrosive). 

Carcinogenicity: IARC: Group 3. Not classifiable as to its carcinogenicity to 

humans. 

 

A.1.3. Butyl Acrylate 

General Information 

Product Name/ Synonymous: Butyl Acrylate/ Butyl prop-2-enoate, Butyl ester of acrylic 

acid 

CAS No.: 141-32-2 

Molecular Formula: C7-H12-O2 

Hazards Identification 

Classification according to 

Regulation (EC) No 1272/2008: 

 

H226-Flammable liquids (Category 3) 

H319-Serious eye damage/eye irritation (Category 2) 

H315-Skin corrosion/irritation (Category 2)  

H335-Specific target organ toxicity - Single exposure Respiratory 

tract irritation (Category 3) 

H317-Sensitisation - Skin (category 1). 



PROCESS INTENSIFICATION FOR BUTYL ACRYLATE SYNTHESIS BASED ON SORPTION-ENHANCED REACTION 

AND PERVAPORATION-BASED HYBRID PROCESSES 

 

264 

First Aid Measures 

In case of inhalation: Move person into fresh air. 
 

In case of eye contact: Rinse thoroughly with plenty of waterfor at least 15 minutes 

and consult a physician. 

First Aid Measures  

In case of ingestion: Rinse mouth out with water. Consult a physician. 

Special medical attention: No data available. 

Firefighting Measures 

Extinguishing media:  Dry chemical powder, alcohol-resistant foam, carbon 

dioxide. Do not use a heavy water stream. 

Special hazards: Fire: Flammable liquid and vapour. 

Explosion: May form flammable/ explosive vapour-air 

mixture. 

Advice for firefighters: Do not attempt to take action without suitable protective 

equipment. 

Additional information: No data available. 

Accidental Release Measures 

Personal precautions and 

emergency procedures: 

Remove ignition sources. Use special care to avoid static 

electric charges.  

Environmental precautions: Avoid release to the environment. 

Methods and materials for 

containment and cleaning up: 

Collect spillage. On land, sweep or shovel into suitable 

containers. Soak up spills with inert solids, such as clay or 

diatomaceous earth as soon as possible. 

Handling and Storage 

Precautions for safe handling: Take precautionary measures against static discharge.  

Use only non-sparking tools. Avoid breathing 

dust/fume/gas/mist/vapours/spray. Use only outdoors or in a 

well-ventilated area. 

Conditions for safe storage: Keep container tightly closed. 
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Exposure Controls/Personal Protection 

Eye/face protection:  Use safety glasses with side-shields.  

Use equipment for eye protection tested and approved under 

appropriate government standards EN 166 (EU). 

Skin protection:  Nitrile rubber gloves. Use proper glove removal technique 

(without touching glove's outer surface) to avoid skin 

contact with this product. Wash and dry hands. 

Body protection:  Wear complete suit protecting against chemicals. 

Respiratory protection:  Use a full-face respirator type ABEK (EN 14387). 

Physical and Chemical Properties  

Appearance:  Colourless liquid. 

Melting point:  -64.6 ºC 

Boiling point:  145 ºC 

Vapour pressure:  0.44 kPa at 20 ºC 

Vapour density:  4.4 (Air = 1.0) 

Flash point:  36 ºC 

Explosion limits:  Upper explosion limit: 0.13% (v/v) 

Lower explosion limit: 0.099 % (v/v). 

Auto-ignition temperature: 293 ºC 

Decomposition temperature: No data available. 

Water solubility: Slightly soluble 

Stability and Reactivity  

Reactivity: Reactive with oxidizing agents, acids, alkalis.  

The product may undergo hazardous decomposition, 

condensation or polymerisation. 

Chemical stability: Stable only if stored and handled under recommended 

conditions.  

Must contains an inhibitor, hydroquinone monomethyl ether 

(10 to 120 ppm).  

It may polymerise on exposure to light and upon heating. 

Possibility of hazardous 

reactions: 

Hazardous polymerisation can occurs. 

Possible hazardous 

decomposition products: 

Hazardous decomposition products formed under fire 

conditions-Carbon oxides 
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Stability and Reactivity 

Conditions to avoid: Heat, flames and sparks. 

Incompatible materials: Strong acids, strong oxidizing agents, strong bases. 

Toxicological Information 

Toxicity: Acute toxicity 

LD50Oral-Rat-900 mg/kg (Butyl acrylate) 

LC50 Inhalation-Rat-4 h-2730 ppm (Butyl acrylate) 

Remarks:  

Sense Organs and Special Senses (Nose, Eye, Ear, and 

Taste): Lungs, Thorax, or Respiration: Dyspnea. 

Skin corrosion/ irritation: LD50 Dermal-Rabbit-1,796 mg/kg (Butyl acrylate) 

Rabbit; 24 h uncovered. 

Results: moderate to marked erythema 

Eye damage/irritation:  Rabbit; 0.5 ml. 

Results: moderate to severe corneal injury; iritis in 2/5 

Specific target organ toxicity 

(single exposure) 

May cause respiratory irritation. 

Specific target organ toxicity 

(repeated exposure) 

Prolonged and repeated overexposure to butyl acrylate 

vapour may result in damage to the tissues of the nose and 

upper respiratory tract. The contact of the skin with butyl 

acrylate may cause sensitization and an allergic skin reaction. 

Carcinogenicity: IARC: Group 3. Not classifiable as to its carcinogenicity to 

humans. 
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Appendix B  

B.1. Calibration Curves 

Different calibration curves were determined for different chromatographic 

columns in different stages of this project. Therefore, in this Appendix, the different 

calibration curves determined for binary and multicomponent mixtures with the 

CpWax57CB chromatographic column are presented in Figure B.1 and Figure B.2, 

respectively and the calibration curves for multicomponent mixtures with the 

Stabilwax column are presented in and Figure B.3.  

For binary mixtures analysis, several standards were prepared for each 

compound with a known composition of the respective compound with isopropanol, 

which was used as solvent. The respective calibration curves were determined by 

injecting a fixed volume of each standard and considering the average area of at 

least three analysis of each standard. For all compounds, the response factor, if , 

corresponds to the slope of the respective function /i ISn n  vs /i ISA A , which are 

presented in Figure B.1 

For multicomponent mixtures analysis, several quaternary mixtures were 

prepared. The calibration curve for each compound was obtained considering n-

butanol as solvent, as it happens in the Simulated Moving bed Reactor and in the 

Fixed-Bed Adsorptive Reactor experiments, where n-butanol is always present in 

large concentrations since it is used as eluent. In this way, the response factor, if , 

corresponds to the slope of the respective function /i n-butanoln n  vs /i n-butanolA A , 

which are represented in Figure B.2 and Figure B.3, for CpWax57CB and 

Stabilwax, respectively. Regarding the n-butanol, the response factor is the slope of 

/n-butanol totaln n vs n-butanolA in both cases. 
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B.1.1. CpWax57CB chromatographic column 

B1.1.1. Binary mixtures 

  

  

Figure B.1. Calibration curves using the CpWax57CB chromatographic column 

for binary mixtures analysis. 
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B1.1.2. Multicomponent mixtures 

  

  

Figure B.2. Calibration curves using the CpWax57CB chromatographic column 

for multicomponent mixtures analysis. 
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B.1.2. Stabilwax chromatographic column 

B1.2.1. Multicomponent mixtures 

  

  

Figure B.3. Calibration curves using the Stabilwax chromatographic column for 

multicomponent mixtures analysis. 
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binary mixtures, ix , were obtained according to equation (B.1), while the molar 

composition of each species in multicomponent mixtures were obtained with 

equation (B.2). In the n-butanol case, its molar composition in multicomponent 

mixtures was obtained according to equation (B.3).  

 /

( / )

i i IS

i NC

j j IS

j

f A A
x

f A A




 

(B.1) 

 

 /

( / )

i i n-butanol

i NC

j j n-butanol

j

f A A
x

f A A




 

(B.2) 

 

n-butanol n-butanol
n-butanol NC

j

j

f A
x

x



  

(B.3) 

Some examples of the binary and multicomponent mixtures with the 

respective real and estimated compositions are shown in Table B.1 to  

Table B.5 . 

Table B.1. Example of n-butanol/water analysis. 

Compound xreal xestimated  Error (%) 

n-Butanol 0.434 0.428 -0.6 

Water 0.566 0.572 0.6 

 

Table B.2. Example of n-butanol/butyl acrylate analysis. 

Compound xreal xestimated Error (%) 

n-Butanol 0.757 0.753 -0.4 

Butyl Acrylate 0.243 0.247 0.4 
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Table B.3. Example of butyl acrylate/acrylic acid analysis. 

Compound xreal xestimated  Error (%) 

Butyl Acrylate 0.654 0.656 0.2 

Acrylic Acid 0.346 0.344 -0.2 

 

Table B.4. Example of water/acrylic acid analysis. 

Compound xreal xestimated  Error (%) 

Water 0.752 0.748 -0.3 

Acrylic Acid 0.248 0.252 0.3 

 

Table B.5. Example of a multicomponent mixture analysis. 

Compound xreal xestimated  Error (%) 

n-Butanol 0.648 0.642 -0.6 

Water 0.102 0.096 -0.6 

Butyl Acrylate 0.100 0.108 0.8 

Acrylic Acid 0.150 0.154 0.4 
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Appendix C  

C.1. Binary Adsorption Experiments at 323 K 

Breakthrough curves for non-reactive pairs were measured at 323 K. The results 

are presented in the following Figure C.1 to Figure C.4. 

  

a) b) 

Figure C.1. Breakthrough curves for n-butanol displacing n-

butanol/water mixtures at 7.5 mLmin-1 and 323 K: a) (67/33) mol % and b) 

(80/20) mol %; Top-down direction. 
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(a b) 

 

 

c)  

Figure C.2. Breakthrough curves for n-butanol displacing n-

butanol/BAc mixtures at 7.5 mLmin-1 and 323 K: a) (20/80) mol %, b) 

(50/50) mol % and c) (0/100) mol %; Bottom-up direction. 

 

 

 

0

2

4

6

8

10

12

0 5 10 15 20 25 30

O
u

tl
e

t 
C

o
n

c.
 (m

o
lL

-1
)

t (min)

n-Butanol BAc Model

0

2

4

6

8

10

12

0 5 10 15 20 25 30

O
u

tl
e

t 
C

o
n

c.
 (m

o
lL

-1
)

t (min)

n-Butanol BAc Model

0

2

4

6

8

10

12

0 5 10 15 20 25 30

O
u

tl
e

t 
C

o
n

c.
 (m

o
lL

-1
)

t (min)

n-Butanol BAc Model



APPENDIX C 

 

275 

  

a) b) 

Figure C.3. Breakthrough curves for water displacing AAc/water 

mixtures at 7.5 mLmin-1 and 323 K a) (20/80) mol % and b)(50/50) mol %; 

Top-down direction. 

 

  

a) b) 

Figure C.4. Breakthrough curves for a) AAc/BAc mixture (35/65) 

mol % displacing BAc pure and b) AAc/BAc mixture (10/90 mol % 

displacing AAc/BAc mixture (35/65) mol % at 7.5 mLmin-1 and 323 K; 

Bottom-up direction. 
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Appendix D  

D.1. Ternary System: n-Butanol/Butyl Acrylate/ Water  

 

  

a) T = 323 K b) T = 363 K 

Figure D.1. Ternary diagram for n-Butanol/Butyl Acrylate/Water system, 

using the modified UNIFAC Dortmund group contribution model.  
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D.2. Permeate stream composition for multicomponent 

mixtures 

  

a) b) 

 

 

c)  

Figure D.2. Permeate stream composition as a function of temperature for 

the ternary mixtures: a) T1, b) T2, c) T3 (circles: water, triangles: n-butanol, 

squares: butyl acrylate). 
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a) b) 

Figure D.3. Permeate stream composition as a function of temperature for 

the quaternary mixtures: a) Q1, b) Q2 (circles: water; triangles: n-butanol; 

Squares: butyl acrylate, diamonds: acrylic acid). 

D.3. Activation Energy, Pre-Exponential Factor and 

Permeance Data 

Table D.1. Activation energy for each compound in the different systems. 

System 
Eperm, water 

(kJ.mol-1) 

Eperm, n-butanol 

(kJ.mol-1) 

Eperm, BAc 

(kJ.mol-1) 

Eperm, AAc 

(kJ.mol-1) 

Binary -28.37 -11.20 - - 

Ternary -36.38 -28.49 -7.90 - 

Quaternary -21.21 -49.97 -41.05 -9.37 

Overall -30.53 -26.64 -20.85 -9.37 
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Table D.2. Pre-exponential factor for each compound in the different 

systems. 

System 
Q0, water           

(mol.(s-1.m-2.Pa-1) 

Q0, n-butanol    

(mol.(s-1.m-2.Pa-1) 

Q0, BAc            

(mol.(s-1.m-2.Pa-1) 

Q0, AAc            

(mol.(s-1.m-2.Pa-1) 

Binary 1.07E-10 5.51E-10 - - 

Ternary 4.97E-12 1.21E-13 2.30E-10 - 

Quaternary 6.18E-10 4.80E-17 8.37E-16 5.17E-10 

Overall 3.90E-11 5.66E-13 1.72E-12 5.17E-10 

 

Table D.3. Permeance of each compound in the different systems at 363 

K. 

System 
Qwater              

(mol.s-1.m-2.Pa-1) 

Q n-butanol         

(mol.s-1.m-2.Pa-1) 

Q BAc                 

(mol.s-1.m-2.Pa-1) 

Q AAc                  

(mol.s-1.m-2.Pa-1) 

Binary 1.29E-06 2.25E-08 - - 

Ternary 8.51E-07 1.51E-09 3.15E-09 - 

Quaternary 6.94E-07 7.38E-10 6.71E-10 1.15E-08 

Overall 9.58E-07 3.83E-09 1.71E-09 1.15E-08 
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D.4. Fixed-Bed Reactor vs Fixed-Bed Membrane 

Reactor: influence of reactant molar ratio  

Table D.4. FBR vs FBMR using different reactant molar ratios (A = n-

butanol and B = Acrylic Acid). 

(rA/B) XFBR (%) XFBMR (%) CBAc_FBR (mol.L-1) CBAc_FBMR (mol.L-1) 

1.0 53.2 93.8 3.11 5.51 

1.2 57.5 98.1 3.01 5.18 

1.3 59.4 98.7 2.96 4.96 

1.4 61.2 99.0 2.90 4.74 

3.0 77.4 99.4 2.10 2.71 
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Appendix E  

E.1. Effect of the Feed Flux Direction 

Additional two fixed-bed reactor experiments were performed using two columns of 

the pilot scale LICOSEP unit connected in series. In the first experimental run the FBR 

was fed at 10 mL.min-1 in a top-to-down configuration while in the second experimental 

run the FBR was fed in a bottom-to-up configuration, at the same flow rate. Both 

experiments were carried out at 323 K and an equilibrium feed mixture diluted in n-

butanol, similar to the conditions inside of the SMBR taking into account the eluent 

stream, was used as feed solution. Changes in the bulk conditions were observed during  

both experimental FBR runs: in the first one (top-to-down configuration) after 5 min of 

feeding the solution, a void was observed at the beginning of each column as can be 

observed in Figure E.1 a); during the second experimental run (bottom-to-up) a bumpy 

bulk was visible along the columns (Figure E.1 b). Similar effects occur in the LICOSEP 

pilot scale unit depending on the section flow rates, mainly in section 1 where the section 

flow rate is even higher (more than 50 mL.min-1) comprising the recycle and the eluent 

flow rates, simultaneously (Q1 = QEL+ QRec). Nevertheless, the comparison between the 

concentration profiles obtained in both experimental FBR runs is shown in Figure E.2, 

adsorption (a) and regeneration (b) steps, where the results reproducibility is clear. So, in 

this case, the feed flux direction is not crucial for the sorption-enhanced reactions either 

in FBR or in the SMBR since flow rates from 10 mL.min-1 lead to unstable bulk 

conditions but with the same effect on the reactors’ performance.  
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a) b) 

Figure E.1. Bulk conditions during the experimental runs depending on 

the feed flow direction: a) Top-to-down and b) Bottom-to-up. 
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a) 

 

b) 

Figure E.2. Experimental concentration histories obtained at the outlet of 

a Fixed-Bed Reactor operating a 323 K and using different feed flow directions 

at 10 mL.min-1: top to down (dark symbols) and bottom to up (white symbols): a) 

adsorption step and b) regeneration step. 
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E.2. Dispersion Effect on the SMBR Performance 

Different simulation runs of SMBR operating a 323 K were performed, with the 

respective mathematical model described in Section 5.3, using the same operating 

conditions of the experimental run SMBR03 using different Peclet number values in 

order to analyse its effect on the reactor performance. The results are displayed in Figure 

E.3, where it is possible to compare both theoretical concentrations histories with the 

experimental data. In Table E.1 are presented the respective performance parameters. The 

grey profile, simulated with higher Peclet number, presents more compressive fronts 

allowing a better separation between BAc and AAc in the raffinate port (column 10). 

However, when there is higher dispersion (lower Peclet number) it is noticed a significant 

effect on AAc and BAc concentration profiles, decreasing the respective concentrations 

and expanding it through section 3 contaminating the raffinate stream.  

 

 

Figure E.3. Theoretical concentration profiles in SMBR LICOSEP unit at 

the middle of the switching time (3.1 min) at 323 K and at cyclic steady state (13th 

cycle) under similar conditions of the experimental run SMBR03 considering 

different Peclet number values: grey profile simulated with Peclet 143 and black 

profile simulated with Pe 10. The points represent the experimental data. 
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Table E.1.Dispersion effect on the performance parameters obtained in 

the SMBR for the same simulated operating conditions (similar to the 

experimental run SMBR03). 

Simulated Conditions Run SMBR03 

Run SMBR02 QF (mL.min-1) 2.0 

2.10 QExt (mL.min-1) 25.0 

25.0 QEl (mL.min-1) 29.0 

29.2 QRec (mL.min-1) 23.0 

20.0 Performance Parameters Pe = 143 Pe = 10 

PExt  (%) 

 

42.3 42.8 

PRaff (%) 

(%) 

85.0 79.2 

Conv (%) 

 

20.5 27.6 

Prod (kgBAc.(Lads
-1.day-1)) 

 

1.8 1.6 

DesC (Ln-butanol.kgBAc
-1) 

 

26.8 29.8 

 

E.3. Thermophysical data for butyl acrylate system 

Thermophysical data for all compounds present in BAc system are available in open 

literature 1 and the fundamental parameters required to determine those data are described 

in this section.  

The enthalpy of vaporisation of each compound is displayed in Table E.2 as well as 

the respective parameters required for its determination, including the boiling (Tb) and 

critical temperature (Tc), according to the equation: 

∆𝐻𝑣 (𝑘𝐽. 𝑚𝑜𝑙−1) = 𝐴 × (1 −
𝑇𝑏

𝑇𝑐
)

𝑛

 (E.1) 
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Table E.2. Parameters required for determination of vaporisation 

enthalpy of each compound. 

Compound Tb (K) Tc (K) A n ΔHv (kJ.mol-1) 

n-butanol 390.8 562.9 63.02 0.318 43.20 

Acrylic Acid 414.2 615.0 62.98 0.351 42.50 

Butyl Acrylate 421.0 598.0 55.78 0.327 37.50 

Water 373.2 647.1 54.00 0.440 40.30 

 

In Table E.3, values of density, molecular weight and molar volume can be observed. 

The density is determined by the following equation: 

𝜌(𝑔. 𝑐𝑚−3) = 𝐴𝐵−(1−
𝑇

𝑇𝑐
)

𝑛

 (E.2) 

Table E.3. Parameters required for determination of density as well as for 

determination of the molecular volume of each compound at 363 K. 

Compound A B n 
ρi 

(g.cm-3) 

MM     

(g.mol-1) 

VM           

(cm3.mol-1) 

n-butanol 0.2689 0.2667 0.2457 0.7492 74.12 98.90 

Acrylic Acid 0.3465 0.2581 0.3070 0.9702 72.06 74.30 

Butyl Acrylate 0.2995 0.2584 0.3084 0.8258 128.2 155.2 

Water 0.3471 0.2740 0.2857 0.9656 18.00 18.70 

 

The viscosity of the fluid is given by the equation (E.3) and the respective constants 

for each compound are presented in Table E.4, while the mixture viscosity is given by 

the equation (E.4) where ix is the molar composition of the compound i in the mixture. 

µ𝑖(𝑐𝑃) = 10(𝐴+
𝐵
𝑇

+𝐶𝑇+𝐷𝑇2)
 (E.3)  
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Table E.4. Parameters 2required for determination of viscosity of each 

compound at 363 K. 

Compound A B C D µi (cP) 

n-butanol -5.397 1.326×103 0.0062 -5.506×10-6 0.6013 

Acrylic Acid -15.42 2.354×103 0.0336 -2.735×10-5 0.4559 

Butyl Acrylate -6.931 1.169×103 0.0135 -1.234×10-5 0.3658 

Water -11.62 1.949×103 0.0216 -1.599×10-5 0.3125 

 

µ𝑚(𝑐𝑃) = 𝑒𝑥𝑝 [∑ 𝑥𝑖ln (𝜇𝑖)

𝑛

𝑖=1

] (E.4) 

Regarding the heat capacity, it can be determined for each compound from the 

following equation (E.5) and the respective values determined at 363 K can be found in 

Table E.5. 

𝐶𝑝,𝑖
(𝐽. (𝑚𝑜𝑙−1. 𝐾−1)) = 𝐴 + 𝐵𝑇 + 𝐶𝑇2 + 𝐷𝑇3 (E.5) 

 

Table E.5. Parameters required for determination of heat capacity of each 

compound at 363 K. 

Compound A B C D Cp,i (J.mol-1.K-1) 

n-butanol 127.2 5.228E-01 -1.536E-03 2.216E-06 220.6 

Acrylic Acid 84.15 5.300E-01 -1.362E-03 1.729E-06 179.5 

Butyl Acrylate 144.3 7.740E-01 -2.126E-03 2.902E-06 284.0 

water -22.42 0.8770 -2.570E-03 2.484E-06 76.03 
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