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1. Introduction 
 

 

 

 

 

 

 

 

 

 

1.1 Background 

The chemical industry is an immense collection of chemical processes, 
operations, and organizations that are working together to manufacture 
thousands of different chemicals. This industry is one of the most dynamic 
businesses in the world and actively affecting the global economy. Therefore, 
manufacturing of new chemicals or optimization of the qualities and quantities 
of the products are continuously investigated to increase the profitability of the 
chemical industries. Vogel (2006) mentioned that around 7 % of the turnovers 
in chemical industries during 1990 to 2000 were invested in research and 
development. This investment is helping the companies to remain in the 
competitive market. For all the companies, the target is to be faster in 
production of newly developed chemicals, reduce the costs, increase the 
environmental compatibility, and raise the quality of the chemicals. 

Haan (2015) described the product family tree, Figure 1.1, where 10 raw 
materials are used to produce 20 basic products, which later transformed to 
around 300 chemicals. Finally, they are used to produce almost 30000 refined 
chemicals and consumer products. In this description, the basic and 
intermediate products are hugely used to produce the subproducts, which 
makes them to remain in the market for a long time. However, the refined 
chemicals and consumer-end products are updating time to time to make higher 
qualifications based on the marketing demand. 
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Figure 1.1. Product family tree of chemical industry. 

The invention of chemicals are done in laboratories, mostly in batch mode and 
in several independent steps. After having success in production of the 
chemical, and exploring the suitable catalyst, the process can be proposed for 
mass production. 

The chemical process designers are mainly focusing on production of chemicals 
in large scales. After invention of a new chemical, the chemical engineers start 
to design and implement the process. In industrial process design (Kaibel, 
Schoenmakers, H., 2002), the capacities, purities, and an overview of the 
process, such as batch-continuous production have to be decided in the first 
steps. Later, the physical and chemical properties should be determined. The 
reaction kinetics and the chemical equilibrium study is mandatory for designing 
the reactor. And, for designing the separation units, storage vessels and the 
transfer lines, the thermo-physical properties such as vapor pressures, 
densities, vapor-liquid equilibria (VLE), liquid-liquid equilibria (LLE), thermal 
stability, etc. are necessary. The integrity of the data, at least for the main 
components, is an important factor in designing a process. By having these sort 
of data, it is possible to design the reactors, find the viable methods of 
separation and find the best type of vessels needed for the process. After 
understanding the necessary vessels and combining them in the most efficient 
order, the flowsheet should be optimized using computer programs to find the 
optimum conditions. Finally, an economic evaluation can show if the process is 
worthy, or should the design be modified. 

When the economic evaluation was completed, the process should be tested 
(Vogel, 2006) using different scales of pilot plants to observe the possible 
challenges that can appear in the chemical process. Conventionally, the first 
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piloting is done in miniplants which have production rates of ≈0.100 - 1 kg·h-1. 
The mini-plants are usually complete plants, which include synthesis section 
(reactor), workup (separation units), and all the recycle streams. After a 
successful run in mini scale plant, a trial plant with a higher production capacity 
of ≈10-100 kg·h-1 would be designed. The products of this plant can be used to 
test the applications of the produced chemicals or it can be delivered to 
customers for checking the qualification of the product. The operation of the 
pilot plant gives the information needed to verify the models made during the 
flowsheet optimization and complete documentary information needed to start 
building the main plant. According to Palluzi (2000) and McConville (2000), 
the pilot plants can have a building price range from US $ 10 thousand to 10 
million. This is mainly dependent to the size of the pilot plants. By increasing 
the size, the project expenses also increase. Additionally, the expenses for the 
operators and feedstock can make larger scales more expensive. As a result, 
many research groups are trying to miniaturize the pilot plants. 

 

1.2 Scopes of this work 

This work focused on miniaturization of a piloting case to a micro-scale plant 
(micro-plant). The micro-plant with a total holdup of 120 cm3 was implemented 
to study the possibilities for miniaturization of a pilot plant. The mentioned 
micro-plant includes a reactor where the reaction takes place, a distillation 
column for the separation of the reactor output chemicals, and a recycle stream 
to return the non-reacted material back to the reactor. Figure 1.2 is presenting 
the block flow diagram of the micro-plant. The main objective of this work was 
to make measurements using the micro-plant, and make a model using the 
conventional modeling methods to describe the system. This work present the 
capabilities of micro-scale piloting of a process and introduce the advantages 
and drawbacks of the micro piloting. The studied case was production of 
2-methoxy-2,4,4-trimethylpentane (also known as tertiary octyl methyl ether or 
TOME). TOME is an ether that was proposed as a fuel oxygenate to be added to 
gasoline (Rihko-Struckmann et al., 2004). The TOME can be produced by 
etherification of methanol + diisobutylene (a mixture of 2,4,4-trimethyl-1-
pentene (TMP-1) and 2,4,4-trimethyl-2-pentene (TMP-2)). The paper IV is 
focusing on the results obtained from the piloting of the process for production 
of TOME in the micro-plant.  

 

Figure 1.2. A block flow diagram of the micro-plant. 
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The papers I & II focused on the phase equilibria of the chemicals present in the 
work. This was due to the demand of the simulation section of the piloting work 
for the models to describe the system. Moreover, it could make better 
understanding of the phenomena happening in the system. The necessary data 
were either obtained from the literature or measured in this study. 

In paper III, the application of 3 dimensional (3D) printing for manufacturing 
of a distillation column was successfully implemented. One of the current 
drawbacks of piloting in microscale is the lack of vessels needed for piloting in 
small scales. Therefore, many research groups are trying to manufacture new 
devices to be used in micro-milli scale operations. The 3D printing, which is 
currently a trending technology, can be used in the micro-scale piloting for 
manufacturing complicated small-scale devices. In this work, a distillation 
column was designed using a 3D designing software and printed with a 3D 
printer.   
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2. Physical properties measurements 
 

 

 

 

 

 

 

 

 

2.1 Background 

Finding the physical properties of the chemicals that are present in the system 
is one of the first blocks in development of a process. The physical properties 
are used to regress parameters of the thermodynamic models. The 
thermodynamic models are used to simulate the process with chemical process 
optimization software. In addition, the physical properties can help the 
operators to understand the nature of the system and direct the operation 
towards the optimal condition. 

In this study, the focus of the physical properties measurements were on the 
compounds which were available in the process for production of 2-methoxy-
2,4,4-trimethylpentane (also known as tertiary octyl methyl ether or TOME). 
Table 2.1 is presenting the compounds that were available in the TOME 
production process and the physical properties used in the modeling of the 
work.  

In papers I & II, several physical properties such as density of TOME, excess 
enthalpies for binary mixtures, and liquid-liquid equilibrium (LLE) for binary 
and ternary systems were measured, and the model parameters were regressed 
to describe their properties. The focus on LLE measurement was due to 
appearance of water in the process, which was causing phase separation. The 
LLE measurement and model could show the available phases in the system and 
lead the system towards a one-phase condition. Moreover, the excess enthalpy 
(heat of mixing) data could increase the temperature dependency of the activity 
coefficient models for extrapolation using the Gibbs–Duhem equation (Walas, 
1985, and Laavi et al., 2012). 



6 
 

Table 2.1. Physical properties used in this work. 

Pure  
Methanol Vapor Pressure (Uusi-Kyyny, 2001a) and (Selected 

Values of Properties of Chemical Compounds 1980) and 
density (Wilhoit, 1973) 

TMP (1&2) Vapor Pressure (Selected Values of Properties of 
Hydrocarbons and Related Compounds 1980-extant. 
American Petroleum Institute Research Project 44), 
(Camin and Rossini, 1955) and densities (Daubert, 
1992),(Nhu et al. 1988) 

TOME Vapor Pressure (Uusi-Kyyny, 2001) and density (I) 
Water Vapor Pressure (haar et al. 1984) and (Gallagher et al. 

1984) and density (Wang et al., 2013) 
DME Vapor Pressure and density (Timmermans, 1965) 
Binary 
Methanol +TMP (1&2) VLE (Uusi-Kyyny, 2001), LLE (I), HE (I) 

Methanol +TOME VLE (Uusi-Kyyny, 2001), LLE (II), HE (II) 
Methanol + Water VLE (Álvarez, V.H. et al., 2011) 
Methanol + DME VLE was estimated with UNIFAC method. 
TMP (1&2) + TOME Considered to be ideal. 
TMP (1&2) + Water LLE (I), VLE was estimated with UNIFAC 

method. 
TMP (1&2) + DME VLE was estimated with UNIFAC method. 
TOME + Water LLE (II), VLE was estimated with UNIFAC 

method. 
TOME + DME VLE was estimated with UNIFAC method. 
Ternary systems 
Water + Methanol + TMP 1 LLE (I) 
Water + Methanol + TOME LLE (II) 

 

2.2 Measurement 

2.2.1 Density measurement 
 
The density of the chemicals are necessary for modeling the systems. The 
density for methanol, TMP-1&2, water, and DME were available from literature. 
The density of TOME was measured in paper II using a density meter. Figure 2.1 
is presenting the measured densities for TOME.  
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Figure 2.1. The measured density for 2-methoxy-2,4,4-trimethylpentane: 
× measured liquid density, — Rackett correlation (II). 

 

2.2.2 Liquid-Liquid Equilibrium (LLE) measurement with 
analytical method 

In this work, the LLE measurements for 3 binary and 2 ternary systems were 
conducted. The LLE measurements for papers I & II were done inside 
isothermal-jacketed cells. The temperatures were controlled using a water 
thermostat connected to the jacket of the cells. A thermocouple was used to 
check the temperature inside the cells. A magnetic mixer and 3-4 stirrers were 
used to mix the liquids. Later, the cells were kept in vertical mode to settle and 
samples were obtained from both phases to check the compositions using a gas 
chromatograph (GC), moreover, water contents were checked using a 
Karl-Fischer titrator (KF). Figure 2.2 is presenting the schematic and the photo 
of the device used in LLE measurements (Papers I & II). Figure 2.3 is giving the 
measured and the non-random two-liquid (NRTL) model (Renon and 
Prausnitz, 1968) for the ternary system of water + methanol + TMP-1. 
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Figure 2.2. The isothermal-jacketed cell for LLE measurement. Left: mixing 
mode, right: Settling mode. 1- Thermometer, 2- Equilibrium cell, 3- magnetic 
mixer, 4 sampling syringe. 

 

Figure 2.3. LLE for the ternary system of (water (1) + methanol (2) + TMP-1 (3)) 
at atmospheric pressure (101 kPa) and T = 283 K: ■ Measured tie lines; ● 
turbidimetry; - - - NRTL model tie lines; – miscibility gap boundaries by NRTL 
model. 
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2.2.3 Liquid-Liquid Equilibrium (LLE) measurement by 
turbidimetry 

The turbidimetry method (Raal and Mühlbauer, 1998), which is a visual 
method, was used to find the phase split borders for the binary and ternary 
systems. The cell used for this measurement had a jacket to control the 
temperature inside the cell. A water thermostat was connected to adjust the 
temperature. A thermometer was showing the temperature in the cell. A mixer 
with magnetic stirrer was used to mix the chemicals. By modifying compositions 
or the temperature inside the cell, the transparency of the mixing system could 
change. The turbidity of the system was showing the two-phase region, while 
one phase region was clear. The turbidimetry results can be seen in Figure 2.3. 
More detail about the device used for this measurements are available in papers 
I and II.  

2.2.4 Excess enthalpy (HE) measurements 
The excess enthalpy (HE) measurement were done with an isothermal 
calorimeter. Two syringe pumps were injecting pure liquid streams to a 
preheater to adjust the stream temperatures to a set point. Then, the streams 
were mixed inside an isothermal calorimeter. The amount of heat generated was 
recorded and analyzed by a computer. Figure 2.4 is showing the diagram of the 
equipment used for excess enthalpy measurement. Figure 2.5 is presenting the 
excess enthalpy measurement for the binary system of methanol + TOME.  

 

Figure 2.4. Schematic diagram of the excess enthalpy measurement device. 
1-syringe pumps, 2- calorimeter, 3- liquid preheater, 4- isothermal furnace. 
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Figure 2.5. The excess enthalpy measurements for the binary system of 
methanol + TOME, the line is representing the model. 

 

2.3 Modeling of the measured data  

Josiah Willard Gibbs, 1839-1903, defined the principles of the modern 
thermodynamics during 1875-1882. The Gibbs’ article entitled “On the 
Equilibrium of Heterogeneous Substances” in 321 pages was the first article to 
explain the modern thermodynamics with the current form (Ott and Boerio-
Goates, 2000). For describing the phase equilibria, Gibbs introduced an 
imaginary thermodynamic quantity called chemical potential of the phases. He 
explained that the two phases are in equilibrium if the chemical potentials are 
equal (equation 2.1).  

  (2.1) 

Where  and  are the chemical potentials of chemical i in phase  and . 
Later, Lewis showed that this condition can be achieved when the isofugacity of 
both phases are equal (equation 2.2): 

  (2.2) 

Where  and  are the fugacities of chemical i in phase  and , Pa. At low 
pressures, except for strongly associating compounds, the fugacities are equal 
to vapor pressure or sublimation pressure of the chemical. And for the chemical 
mixtures, at low pressures, the fugacities are almost similar to the partial 
pressure of the considered compound. Since these quantities cannot be directly 
measured, auxiliary quantities such as fugacity coefficient ( ) and activity 
coefficients ( ) are introduced to enhance the phase separation calculations.  
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The fugacity coefficients of liquid and vapor are calculated using equation 2.3 
and 2.4: 

 
 

(2.3) 

 
 

(2.4) 

 

where  and  are fugacity coefficients of chemical i in liquid and vapor 
respectively.  and  are fugacities of liquid and vapor.  and  are 
compositions in the mixtures and  is the system pressure. According to 
Dalton’s law (Dalton, 1802), the term  can be changed to partial pressure, .  

In another approach, the activity coefficient ( ) is defined as (equation 2.5): 

  
(2.5) 

where  is an arbitrary value known as standard fugacity.  

Using the fugacity coefficients or the activity coefficients we can calculate the 
compositions of the compounds in different phases. As an example, for 
calculation of the vapor-liquid equilibrium (VLE) case, we can write (equation 
2.6):  

  (2.6) 

The fugacities of the two phases (  and ) can be calculated either by using 
fugacity calculation for both phases which is also known as ( ) approach 
(equation 2.7) or it is possible to use activity coefficients for the liquid phase 
which is known as ( ) approach (equation 2.8).  

  (2.7) 

  (2.8) 
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For the ( ) approach, the fugacity coefficients are calculated using the 
equation of states, and for ( ) approach, for the liquids the activities should 
be calculated using the activity coefficient models, the standard fugacity is 
considered as the fugacity of pure compound at the same temperature and 
pressure1. For nonassociating compounds at moderate pressures, with some 
simplifications, it is possible to change equation 2.8 to equation 2.9: 

  (2.9) 

Where  is saturation (vapor) pressure of component I, Pa;  and  are 
compositions in the mixtures;  is the system pressure, Pa; and  is activity 
coefficient of component i. By using the ( ) approach or ( ) approach 
it is possible to find vapor-liquid distribution ratio ( ) and relative volatilities 
( ) (equation 2.10 and 2.11) which are giving the compositions of the chemicals 
in equilibrium: 

 

                    (2.10) 

                  (2.11) 

 

Similar kind of equations can be derived to describe LLE. By considering 
equation 2.2, we can write equation 2.12: 

  (2.12) 

where and  are the fugacities of component i in phase 1 and 2. By using the 
activity coefficient approach, equation 2.13 can be obtained: 

  (2.13) 

By removing the standard fugacity value from both sides, the equation 2.14 is 
achieved: 

  (2.14) 

The activities in this equation can be calculated using the activity coefficient 
models. By using the fugacity approach, a similar equation can be derived 

                                                 
1 For different conditions, this value can be different, as an example, for calculation of 
solubilities of super critical compounds, Henry constants are often used as standard 
fugacity. More details about this topic can be found in books such as Gmehling et al. 
(2012) 
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(equation 2.15) where the fugacities can be calculated using the equation of 
states: 

  (2.15) 

2.3.1 Non Random Two-Liquid (NRTL) activity coefficient model  
To describe the system, the model parameters for the binary and ternary 
systems containing water, methanol, TMP-1 were regressed using the 
non-random two-liquid (NRTL) (Renon and Prausnitz, 1968) activity 
coefficient model (equation 2.16). After regressing all the temperature 
dependent parameters of the NRTL activity coefficient model, the VLE, LLE and 
excess enthalpy could be described with the model: 

 

  
(2.16) 

Where: 

  

 

 

 

  

 Where,  is the activity coefficient;  is non-randomness parameter; aij, bij, cij, 
dij, eij, fij are binary interaction parameters. In the NRTL activity coefficient 
model, cij= cji and dij=dji. Figure 2.6 is presenting the modeling of the binary 
system of methanol + TMP-1. Figure 2.3 is showing the ternary LLE measured 
and the NRTL model. The details of the modeling are provided in paper I. 
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Figure 2.6. Modeling of the binary system of methanol + TMP-1 using NRTL 
activity coefficient model. 1- isobaric (101 kPa) VLE, 2- isothermal (331 K) VLE, 
excess enthalpy (298 K), 4- isobaric (101 kPa) LLE  

 

2.3.2 UNIversal QUAsiChemical (UNIQUAC) activity coefficient 
model 

In paper II, due to challenges in modeling with NRTL activity coefficient model 
for describing VLE, LLE and excess enthalpy with one set of parameters, the 
UNIversal QUAsiChemical (UNIQUAC) (Abrams and Prausnitz, 1975) activity 
coefficient model (equation 2.17) was used to model the data: 

 

Where: 

 

 

 

(2.17) 
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where,  is the activity coefficient; aij, bij, cij, dij, eij, fij are binary interaction 
parameters. Figure 2.5 is presenting the measured excess enthalpy and the 
UNIQUAC activity coefficient model. The results of the VLE and LLE modeling 
for the binary system of (methanol + TOME) and the LLE for the ternary system 
of (water + methanol + TOME) using UNIQUAC activity coefficient model are 
available in paper II. 

Density. The Rackett density correlation (equation 2.18) was used to model the 
density of TOME: 

  (2.18) 

Where, is the density of the TOME, A-D are the Rackett correlation 
parameters and T is temperature, K. Figure 2.1 is representing the measured 
data and the correlation. 

2.4 Evaluation of the data 

The smoothness and reliability of LLE measurements were tested using the 
Othmer–Tobias (Othmer and Tobias, 1942) method (equation 2.19): 

  (2.19) 

where  was mass fraction of water in the aqueous phase, and  was the 
mass of TMP-1 (paper I) or TOME (paper II) in hydrocarbon phase. Figure 2.7 
is a plot of Othmer–Tobias correlation for the ternary system of (water + 
methanol + 2-methoxy-2,4,4-trimethylpentane) at T = 283.15 and 298.15 K 
measured in paper II. 
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Figure 2.7. Othmer-Tobias correlation for the ternary system of (water + 
methanol + 2-methoxy-2,4,4-trimethylpentane): ○ T = 298.15 K , □ T = 283.15 
K, — Othmer - Tobias correlation for T = 298.15 K, - - Othmer - Tobias 
correlation for T = 283.15 K. 
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3. Design and manufacturing of a 3D 
printed distillation column 
 

 
 

 
 
 
 
 

3.1 Background 

 
The pilot plants need vessels to run the process. The researchers around the 
world are continuously trying to invent new process devices to improve the 
chemical piloting in micro or milli scale. For example, Schwolow et al. (2016), 
Vaccaro et al. (2010) and Johnson et al. (2016) designed new milli or 
micro-scale reactors, MacInnes et al. (2010) built a spinning spiral distillation 
column, Adiche and Sundmacher (2010) developed a membrane-distillation 
equipment and Hohmann et al. (2016) manufactured a crystallizer.  

The 3 dimensional (3D) printing is generally referred to the techniques that 
form a 3D object from a computer-aided design (CAD). Due to the nature of this 
technique, which is forming a solid part from a raw material, in some cases, it 
can manufacture complex geometries, which could not be produced using 
conventional machining methods. This technique have had great progress 
during recent years. There are many 3D printing methods available for different 
applications. Some of the most well known methods are fused deposition 
modeling (FDM) (Crump, 1992), photopolymerization (Nakamura, 2014), 
selective laser sintering (SLS) (Deckard, 1989 and 1997), and laminated object 
manufacturing (LOM) (Feygin et al., 1998). 

Paper III focused on development of a 3D printable modular distillation column 
where the parts could be printed separately and assembled together using 
flanges.  

3.2 Selection of 3D printing technology 

In the beginning of this work, an investigation was done to choose an 
appropriate 3D printing technology to be used for manufacturing the 
distillation column. Between the variety of the options, based on the possibility 
of using the technique and availability of the equipment, three different 
techniques were further studied to see the best option for 3D printing. The fused 
deposition modeling (FDM), digital light processing (DLP) technology, and 
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selective laser sintering (SLS) technology were the three best options for 
manufacturing a distillation column. For all of these techniques, firstly, a 3D 
CAD design is made and sliced in 2 dimensional (2D) layers, which can be given 
to the 3D printer for manufacturing the final part. 

3.2.1 Fused deposition modeling (FDM)  
The FDM printing technology (Crump, 1992) is working in several steps. First, 
a polymer is melted and pushed through an extruder to form a molten string. 
This polymer string is used to draw the first layer of the 3D model by moving 
the extruder in x-y axis on a build platform. By moving the build platform one 
step down, it is possible to print the second layer on top of the first layer. This 
method is probably the easiest way to 3D print the objects and the printed parts 
can be larger than in the other two considered methods. However, by 
observation of the final prints, it can be seen that the printed layers are not 
completely attaching together and the produced surfaces are not smooth 
enough for attachment to other 3D printed pieces. These qualifications can 
cause liquid or gas leakage from the 3D printed pieces which make them 
unfavorable for designing vessels to be used in chemical process design. Gaal et 
al. (2017) reported such type of leakages for using this technique. Due to the 
final print qualifications, it was not possible to print the distillation column 
modules straightly with this technique; however, it could be possible to make 
molds, which later could be used for making the modules. Figure 3.1 is 
presenting a schematic of the FDM printing technology. 

 

Figure 3.1. A schematic of fused deposition modeling (FDM) 3D printing 
technology. 

3.2.2 Digital light processing (DLP) 
The other option was the DLP printing technology (Nakamura, 2014). In this 
method, the layers are formed by focusing a light source to a 
photopolymerizable resin. In this technique, for most printers, the build 
platform locates on top of a glass resin basin (vat). The build platform moves to 
a position where a narrow layer of liquid resin stays between the build platform 
and the resin basin (vat). Then, by focusing a light source from the bottom of 
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the vat to desired locations, the first layer form. At this point, the build platform 
moves up, and the next layer is formed on top of the previous layer. This method 
was producing smooth leak proof parts within few hours. Additionally, the print 
costs were affordable. Therefore, this method was reasonably a good choice for 
printing the distillation column. Figure 3.2 is presenting a schematic of DLP 
3D printing technology. 

 

Figure 3.2. Schematic of digital light processing (DLP) printing technology. 

3.2.3 Selective laser sintering (SLS) 
The third option was selective laser sintering (SLS) (Deckard, 1989 and 1997). 
In this method, the layers are formed by dispersal of a layer of a powder on a 
flat surface and focusing the laser light on some desired sections to sinter the 
metal or polymer particles together. Later, the next layers are formed on top of 
the previous layers. This method is completely robust, and could probably give 
the best 3D prints for this work. However, the SLS 3D printers are expensive, 
which reduce their availability in the market. Due to the demand for try and 
error in design and manufacturing of the distillation column, and the time 
needed for ordering and receiving the parts, and because of the high expenses 
in manufacturing the parts, it was very challenging to use this method. Figure 
3.3 is presenting a schematic of the SLS printing technology. 
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Figure 3.3. Schematic of selective laser sintering (SLS) printing technology. 

 

Therefore, the DLP technology was finally chosen to be used for making the 
3D printed distillation column. This was giving the chance to design and 
manufacture prototypes in less than a day. The rapid manufacturing made it 
possible to test several prototypes and modify the design up to the point that an 
acceptable design was achieved (III). 

 

3.3 Design specification of the 3D printed distillation column 

3.3.1 General concept for designing the distillation column 
This study was focusing on the capabilities of 3D printing on manufacturing the 
devices that could be used for micro-scale piloting. The preliminary idea was 
development of a semi horizontal distillation column. Due to size limitations of 
the 3D printer, and to save the space in the laboratory hood, the distillation 
column was made with a coil shape. The coil shape could make it possible to add 
extra modules to the column without occupying a large length in the laboratory 
hood. 

The body of the distillation column was designed with a hexagonal shape to let 
the liquid to flow at the bottom with an even distribution, whereas the round 
shape could make variation in depth of the flowing liquid in the bottom of the 
cross section.  

For the inlets and outlets, the distillation column was designed to add metal 
union tee fittings from Swagelok® to the 3D printed column. This design helped 
in adding thermocouples and the material inlet/outlets to the distillation 
column simultaneously. The thermocouples could measure the temperatures at 
different sections of the column. Figure 3.4 is presenting the final design of the 
distillation column.  
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Figure 3.4. The designed distillation column. Left: the interior of the distillation 
column; right: the body of the distillation column. 

3.3.2 Modularity of the distillation column 
During this work, it was noticed that by increasing the size of the prints, the risk 
of print failure was raising. The failure could be small, such as a 0.05 cm2 hole, 
or it could be a major failure with the size of 1-2 cm2. By having any failure, the 
device could not be used due to leakage problems. To overcome this challenge, 
the distillation column was designed in modular pieces. The separate modules 
could be designed and manufactured faster.  

The modular structure needed a leak tight connection interface. A flange 
connection with Viton® O-ring gaskets was designed to connect the pieces 
together. The flange connectors were connected together using bolts and nuts. 
This arrangement was giving leak tight interfaces up to 500 kPa of pressure at 
ambient temperature. Figure 3.5 is presenting the flange connectors. 

 

 

Figure 3.5. The flange interface and the assembly of the modules. 
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3.3.3 The improvements in design of different sections  
One of the main benefits of the 3D printing is rapid manufacturing of the parts. 
This allowed to improve the design to achieve the best possible results. The 
design of the bottom section was one of the most challenging tasks in this work. 
In the beginning, the holdup in the bottom section was low. This was decreasing 
the flexibility of the system against sudden fluctuations. By sudden decrease in 
the liquid level of the column, the vapor was sucked out from the bottom outlet. 
In this condition, the high flowrate of boilup was leaving the column from the 
bottom. The vapor was condensed in the heat exchanger at the bottom and 
pumped back to the system. The high flowrate of the vapor was not letting the 
liquid to move downward. This was making the flooding phenomena to happen 
in the distillation column. To solve this condition, an interior heating system 
was designed which was not successful due to the liquid fluctuation in the 
bottom. The fluctuation of the liquid level in the bottom was raising or reducing 
the temperature in the integrated thermocouple of the heater cartridge. In this 
condition, the control system could not adjust the temperature to the setpoint. 
This phenomenon was making the controller system to heat up the cartridge to 
the maximum possible temperature. The high temperature of the heater 
cartridge reduced its lifetime to less than an hour, which was not suitable for 
the distillation column operation. Then, a larger bottom section with an external 
evaporator was made. The larger bottom section was keeping more liquid in the 
bottom. The larger holdup was letting the system to overcome the sudden liquid 
level fluctuations. After some tests, a window was added to the bottom to 
monitor the liquid level in the bottom. The observation of the bottom section 
increased the experience needed for operation of the column. Finally, the 
windowless bottom section was used to decrease the possibility of leakage and 
final measurement were made which are presented in paper III. Figure 3.6 is 
presenting the improvements made for the bottom section of the column. 

  

Figure 3.6. The bottom section progress. 1- The bottom section with a low 
holdup. 2- The interior evaporator. 3- The bottom with higher holdup. 4- 
Addition of the window for better monitoring. 5- Using the same bottom section 
without the window for final measurements.  

3.3.4 Design of the packing 
The designed column was considered to be a packed column. The high printing 
resolution of the 3D printer allowed to manufacture a cubic type of packing that 
could be added to the column. The column was tested with three different types 
of interiors. First, it was tested without packing. Later, a stainless steel spring 
type packing was used in the column, and finally the 3D printed packing was 
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put in the column. The 3D printed packing was having less wettability, which 
could cause flooding for higher flowrates in the column. However, this was 
showing that smaller scale devices could also be manufactured with the current 
3D printers. Figure 3.7 is showing a stack of the packing manufactured with the 
3D printer. They were cut to individual pieces and added to the distillation 
column. 

 

Figure 3.7. The 3D printed packing used in the measurements.  

 

3.4 Results and Conclusion 

The designed distillation column was studied using seven different cases, where 
the number of equilibrium stages varied from 1.4 stages (for the column without 
packing) up to 4.6 stages for the stainless steel packing. In one of the runs, the 
distillation column was used for a continuous distillation, which gave 3.5 
equilibrium stages. Table 3.1 is presenting the number of theoretical stages 
obtained in 4 cases of this work and the results obtained in publications by some 
other groups. Figure 3.8 is showing the calculation of the stages using 
McCabe-Thiele (McCabe and Smith, 1976) method. The complete set of results 
obtained in this work are available in Paper III.  

 

 

Figure 3.8. Calculation of the number of the stages using the McCabe–Thiele 
method for a full reflux case (left) and continuous mode (right). 



24 
 

Table 3.1. Number of theoretical stages (NTS) and height equivalent of a 
theoretical plate (HETP) for some of the measured cases in this work and other 
studies. 

Reference Description NTS HETP / cm 

Paper III No packing - Full reflux 
distillation 

1.4 23.1 

Paper III SS spring packing- Full 
reflux distillation 

4.6 7 

Paper III SS spring packing - 
Continuous distillation 

3.5 9.5 

Paper III 3D printed packing- Full 
reflux distillation 

3.7 8.8 

Seok and Hwang, 
1985 

Zero-gravity distillation 
utilizing the heat pipe 
principle 

4-5 
 

6 -16 

Ziagos et al., 2012 microrectification apparatus 12 1 

Zhang et al., 2010 multilayered microchip for 
vacuum distillation 

1.8 14.4 

Hartman et al., 2009 micro-distillation system 
using capillary forces and 
segmented flow 

1 - 

Lom et al., 2011 micro-distillation on a chip 5.4 - 

 

Paper 3 showed that 3D printing can effectively be used in designing small scale 
piloting devices. During the design process, it is possible to modify the 
equipment to achieve the best results. The design of the device can be divided 
to smaller pieces, which can be later assembled together. This is a possible 
method for manufacturing larger equipment. Based on the experience from the 
development of the packing, it should be possible to manufacture smaller scale 
devices to be used in chemical piloting as well. Figure 3.9 is presenting the final 
distillation column manufactured and used in the measurement.  
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Figure 3.9. The final 3D printed distillation column used in the measurement. 
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4. Process development with a 
microscale plant 
 
 

 
 
 
 
 

 

4.1 Background 

The renewable energy directive (RED), (Directive 2009/28/EC), and fuel 
quality directive (FQD), (Directive 2009/30/EC) of the European Union (EU), 
are giving the road map of the fuels in the EU during the future years. In both 
of these directives, the application of bio-based components are encouraged.  

The ethers with partial bio-based feed stock can be used as oxygenates in 
gasoline. These compounds can be added to gasoline to increase the oxygen 
content of the fuel, reduce the emission of ozone and carbon monoxide, and 
increase the octane number (Poulopoulos and Philippopoulos, 2000). 
Moreover, the fuel oxygenates were used in gasoline to improve the combustion, 
and as a substitute for aromatics. Bio-based methanol can be used as a partial 
feedstock for production of 2-methoxy-2,4,4-trimethylpentane (also known as 
tertiary octyl methyl ether or TOME). TOME is an ether that can be used as an 
oxygenate in gasoline. 

The industrial production of ethers are normally done through etherification 
reactions. In this reaction, the alcohol dehydrates to form ethers. In this 
process, the separation of reactants from the product is usually done with a 
distillation column. Usually, this process includes a recycle stream to return the 
reactants back to the reactor. This method can be combined in one vessel which 
is known as reactive distillation or catalytic distillation (Sakuth et al., 2000), 
The reactive distillation is a commonly used process in oil industries for 
processing the fuels. The main application of this method in fuel industries are 
etherification processes, hydrogenation of aromatics and light sulfur, and 
hydrodesulfurization (Harmsen, G.J., 2007). The recent works on reactive 
distillation by Shah et al. (2012), Holtbruegge et al. (2013), Liu et al. (2013), 
Hasan et al. (2015), Li et al. (2016) are showing the importance and demand of 
this technique in different industrial processes. 
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4.2 The studied process 

One of the proposed methods for production of TOME is by an etherification 
process proposed by Rihko-Struckmann et al. (2004). In this method, methanol 
reacts with diisobutylene to produce TOME. The diisobutylene is a mixture of 
2,4,4-Trimethyl-1-pentene (TMP-1) and 2,4,4-Trimethyl-2-pentene (TMP-2). 
The catalyst of the reaction is a macroreticular, cationic, strongly acidic ion 
exchange resin. In addition to the main reaction, the formation of 
dimethyl ether (DME) and water is observable. This side reaction is mentioned 
in the similar etherification processes and in presence of the same type of 
catalysts by Kiviranta-Pääkkönen et al. (1998). The studied reactions for 
production of TOME is presented in Figure 4.1.  

 

Figure 4.1. The reactions involved in the process for production of TOME. 

Rihko-Struckmann et al. (2004) proposed a reactive distillation column for 
production of TOME. In this technique, the reactants are fed to a column where 
a catalytic section is on the top and there is a distillation section at the bottom. 
By evaporation of the lower boiling point compounds (reactants), they enter the 
catalytic section and react to produce TOME, while the heavier compound 
(TOME) is leaving the system from the bottom. Figure 4.2 is presenting a 
schematic of a reactive distillation column described by Rihko-Struckmann et 
al. (2004). 
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Figure 4.2. The original reactive distillation method described by 
Rihko-Struckmann et al. (2004) 

In this work, several steps of the process development for production of TOME 
were investigated. The study included the preliminary batch production of the 
chemical in the laboratory, micro-scale piloting of the process in the 
micro-plant and simulation and optimization of the process using a simulator. 
For the micro-scale piloting, to increase the flexibility in design and 
manufacturing of the units, the catalytic section (reactor) and the separation 
section (distillation column) were planned to operate separately. However, the 
same idea was considered where the volatile compound (distillate stream) was 
going to the reactor by a recycle stream. And the reacted material with higher 
boiling point was leaving the system as the bottom product. In this setup, all the 
distillate was returning to the reactor. The vent on the top of the distillation 
column was releasing the air at the startup, keeping the distillation column at 
atmospheric pressure and some of the unfavorable produced DME (reaction 
R-4 in Figure 4.1) could be released by the vent. Figure 4.3 is presenting the 
block flow diagram of the micro-plant used in this work.  
 

 

Figure 4.3. The block flow diagram of the process for production of TOME used 
in this work.  
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4.3 Development of the process for production of TOME 

4.3.1 Step 1. Batch production of TOME 

To study this process, at the beginning, a laboratory scale batch 
reactive distillation column was built. This column was used to test the 
possibility of using reactive distillation technique for production of TOME. The 
reactor was filled with AmberlystTM 36 Wet, and the distillation column was 
filled with glass Raschig rings. The column was having 2.5 ideal stages during 
the batch reactive distillation. This column confirmed that TOME is producible 
using the reactive distillation technique. Further, this experiment showed that 
water is forming, which meant that a side reaction is taking place. The 
laboratory investigation, including testing the products using a GC and 
literature review (Kiviranta-Pääkkönen et al. 1998) confirmed that water and 
dimethyl ether (DME) is forming during the etherification process. 

The product of this setup had a mass fraction purity of 0.65 for TOME. Later, a 
vacuum distillation column with 5.5 ideal stages was made to increase the 
purity. The final mass fraction purity was 99.3%. This product was pure enough 
to be used in the physical properties measurements. The produced compound 
was tested using gas chromatography/mass spectrometry (GC/MS) technique 
to make sure that the produced chemical is precisely TOME. More details are 
available in paper II. Figure 4.4 is presenting a schematic of the reactive 
distillation column, and the distillation column made for synthesis and 
purification of TOME. 

 

Figure 4.4. Schematic of the reactive distillation column for production of 
TOME. 1- The reactive distillation column, 2- Extra purification with 
distillation. 
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4.3.2 Step 2. Operation of the micro-plant 

In this work, the preliminary test runs, including the reactor tests, the separate 
operation of the distillation column and one full process run (see Figure 4.3) 
was completed at the same time as the computer simulation was in progress. 
This was helping to verify that the developed simulator is able to describe the 
measurement with sufficient accuracy. The developed model also helped in 
optimization of the process. Later, the second micro-plant run was completed 
to validate the model. The validated model can be used to predict the behavior 
of the system in different conditions. The model can be used to optimize the 
process for having the maximum purity or other factors such as less energy 
consumption. 

Reactor. To understand the behavior of the plug flow reactor in production of 
TOME, a reactor with the volume of 100 cm3 was manufactured and filled with 
AmberlystTM 16wet ion exchange resin as the catalyst (more details in section 
4.4.1). In this experiment, mixtures of methanol and diisobutylene with 
different compositions were fed to the reactor, and the outlet compositions were 
analyzed online with 30 minute intervals to observe the equilibrium 
composition after reaching steady state. Figure 4.5 is presenting the 
composition of the reactor output with the time for the feed inlet composition 
of xmethanol=0.497 and xdiisobutylene=0.503. This experiment was done for six 
different feed compositions. The results are available in paper IV. Figure 4.6 is 
showing the steady state compositions for all the runs and the comparison with 
the model developed to describe the system. 

 

Figure 4.5. The reactor output composition vs. time. Methanol, □; TMP-1, ○; 
TMP-2,  ; TOME, ; water, +; DME, ×. 
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Figure 4.6. The measured compositions of the reactor output based on the feed 
composition. The feed was consisting of methanol + diisobutylene. The 
diisobutylene is a mixture of TMP-1+TMP-2. The lines are representing the 
model: methanol, □; TMP-1, ○; TMP-2, ; TOME, ; water, +; DME, ×. 

 

Distillation column. The distillation column (more details in section 4.4.2) was 
tested by feeding one mixture containing methanol, TMP-1, TMP-2, TOME, and 
water to it. This test could show the possibility of separation of TOME using this 
distillation column. The results were showing that the produced TOME was 
mostly enriching in the bottom product. On the other hand, the TMP-1, TMP-2, 
methanol, water, and DME were having the tendency to enrich in distillate. 
However, due to the limited number of stages, the separation was not sharp and 
some of the TMP-1 and TMP-2 was escaping from the bottom of the distillation 
column. On the other hand, a few percent of TOME was appearing in the 
distillate. Figure 4.7 is presenting the results of the distillate and bottom 
product of the distillation column. 



 

33 
 

 

Figure 4.7. The time - composition diagram of the distillation column during 
the separate run of the column. (a) is the reflux stream and (b) is the boilup 
stream: methanol, □; TMP-1, ○; TMP-2, ; TOME, ; water, +. The water 
content was checked with KF titrator at the end of the run. The model is 
presented with the lines. 

First process run for production of TOME. The full process operation, including 
the reactor, distillation column and the recycle stream (see chapter 4.2) was 
completed to observe the behavior of the system during a long-term run. The 
process flow diagram (PFD) is presented in Figure 4.8. In this process, the feed 
with equimolar composition of methanol and diisobutylene was fed to a mixer 
and warmed up to the set point temperature using a preheater. Later, it was 
going to the reactor. The reactor output was preheated and fed to the horizontal 
distillation column. This column was separating reactants from the TOME. 
TOME, which has a higher boiling point, was accumulating in the bottom 
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product while the reactants were obtained through the top of the column. So, 
the distillate was recycled back to the reactor. 

The distillation column had a reflux stream at the top of the column and a boilup 
stream in the bottom of the distillation column. The recycle (distillate) stream, 
the reflux stream and the boilup stream were equipped with pumps and flow 
meter-controllers. The flowrates in the boilup and recycle stream were kept 
constant during the runs. The reflux stream was recycling the extra condensate 
from the top of the column back to the distillation column using a level 
controller system. The compositions were analyzed in the inlet and outlet of the 
reactor, as well as, the reflux stream and the boilup stream. 

The distillation column (more detail in section 4.4.2) had 3.4 ideal stages. Due 
to the separation efficiency of the distillation column, the TOME was not 
completely separating in the bottom product. Additionally, the diisobutylene 
was partially leaving the column from the bottom output. As a result, by having 
equimolar amount of methanol and diisobutylene in the feed, the composition 
of methanol in different sections of the system was raising gradually. Since 
methanol had lower boiling point compared to the other components, this 
chemical was accumulating in the recycle stream and the reactor. The high 
content of methanol in the reactor was increasing the production rate of water 
and DME, which was unfavorable.  

Second process run for production of TOME. Finally, after completion of the 
model (see section 4.3.3), it could be possible to optimize the system in such a 
way that the water - DME production rate would be decreased. This was 
achieved by decreasing the methanol composition in the feed. In this run, the 
methanol composition in the feed was decreased to xmethanol=0.242. This 
modification decreased the composition of methanol in the recycle stream, 
consequently, the side reaction rate was decreased. This modification 
considerably helped in having an stabilized operation of the micro-plant. This 
run was operated for over 8 days and reached steady state condition. The results 
of the measurements are available in Figure 4.9. 
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Figure 4.8. The process flow diagram of the micro-plant. 1 is feed, 2 is recycle 
stream, 3 is reflux, 4 is distillation column feed (reactor output), 5 is boilup, 6 
is distillate, 7 is bottom product. 
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Figure 4.9. The time-composition diagram of the process. a) is reactor output, 
b) is reflux, c) is boilup stream compositions during the run. methanol, □; 
TMP-1, ○; TMP-2, ; TOME, ; water, +; DME, ×. The model is presented with 
the lines. (The water and DME mole fractions were considered the same due to 
equimolar production rate). 

 

4.3.3 Step 3. Process simulation 

After having success in batch production of TOME in the laboratory using the 
glass apparatus, the process needed to be simulated and optimized. So, a series 
of preliminary laboratory runs and simulation of the process in computer were 
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considered to be done simultaneously. The process was simulated using a 
dynamic model developed in Matlab 2016a®. The simulator was consisting of 
a rate based model. In this model, the input was fed to an isothermal reactor 
and the reactor product was fed to a distillation column. The distillate was 
recycled back to the reactor and the bottom outlet was considered as product. 
For solving the ordinary differential equations (ODE) which were used in the 
dynamic simulator, the Matlab “ode15s” solver was used. 

Reactor model. The model for isothermal reactor was consisting of 50 equal size 
reactor compartments with equal amount of catalyst. The total mass of catalyst 
and the total volume of the reactor was considered to be the same as the 
micro-plant. The reactor was assumed to work only in liquid phase with 
heterogeneous solid catalyst. In each compartment, the reaction rates were 
calculated based on the weight of the catalyst. For the initial condition, the 
reactor was filled with a liquid with the same composition as the feed.  

To start the calculations, the feed of the process was added to the first reactor 
compartment and the reaction model was calculated. The results, including the 
compositions and the volume of the material was calculated for this 
compartment. The extra volume from this compartment was forwarded to the 
second compartment. Then, the calculation was conducted for the second 
compartment and this process was continued to reach the last compartment. In 
this model, it was assumed that the contents of each compartment are 
completely mixed, and the compartments does not have any back flow. By 
calculation of the last stage, the output was fed to the second stage of the 
distillation column.  

Based on Rihko-Struckmann et al. (2004) and Karinen et al., (2001), the TOME 
formation reactions and the TMP-1&2 isomerization reaction (R-1, R-2 and R-3 
in Figure 4.1) assumed to be elementary reactions. However, for the water-DME 
formation (R-4 in Figure 4.1), the model was defined based on the mechanism 
described by Kiviranta-Pääkkönen et al., (1998). However, the chemicals they 
used in their study were isoamylenes (2-methyl-1-butene +2-methyl-2-butene) 
and methanol. The difference between the chemicals in their work and the 
chemicals used in paper IV was reducing the precision of the model. Therefore, 
the model coefficients were adjusted according to the reactor experiments 
carried out in this work. This made the model to have better correspondence 
with the compositions obtained from the measurements.  

Since the formation rate parameters from Rihko-Struckmann et al. (2004), 
Karinen et al., (2001) and Kiviranta-Pääkkönen et al., (1998) were not available 
for the planned reactor temperature (333 K), equation 4.1, was used to obtain 
the formation rates. This equation, which is based on Arrhenius’ law, gives the 
formation rates at the reactor temperature: 

  4.1 
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Where  and  are the reaction rate constants (mol·kgcat-1·s-1) at T1 (K) and 
T2 (K), E is activation energy (kJ·mol-1) and R is the ideal gas constant. 

Equation 4.2-4.6 are showing the reaction rates of the compounds available in 
the reactor: 

 

 

4.2 

 
 

4.3 

 
 

4.4 

 
 

4.5 

  4.6 

Where, ri is the rate of reaction for the compound i (mol·kgcat-1·s-1), kj is the 
reaction rate constants (mol·kgcat-1·s-1) for reaction j, Kjeq is the equilibrium 
constant for reaction j, and ai is the activity of the component i. The necessary 
parameters are available in paper IV. 

The activities needed in equation 4.2-4.6 were calculated using equation 4.7: 

  4.7 
   

Where ai is activity, xi is the mole fraction of compound i, and  is the activity 
coefficient for component i. The activity coeffeicints for the reactor model was 
calculated by the original UNIQUAC functional-group activity coefficients 
(UNIFAC) group contribution method (Fredenslund et al., 1975).  

Distillation column model. The number of ideal stages of the distillation column 
was estimated based on a correlation between the flooding factor and the height 
of an ideal stage. The flooding factor is defined as (equation 4.8): 

  4.8 
   

Where  is superficial vapor velocity, m·s-1 and  is the vapor density, kg·m-3. 
According to Sundberg et al. (2013) the distillation column had 3.4 vapor-liquid 
equilibrium stages for the flooding factor used in the distillation column. For 
the modeling of the work, similar to Sundberg et al. (2013), the number of stages 
rounded up to 4. Additionally, based on the structure of the distillation column 
(see section 4.4.2), the vapor holdup fraction was estimated to be 0.4.  
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The distillation column model was consisting of 4 stages where stage 1 was 
representing the top of the column with the most volatile compounds and stage 
4 was the bottom of the distillation column. In this model, similar to the reactor 
model, the equilibrium was calculated in each stage and the extra volumes of 
each stage was forwarded to the next stage. For the distillation column, the 
vapor stream was moving towards the top of the column (lower stage numbers) 
and the liquid stream was moving towards the bottom of the distillation column 
(higher stage numbers). For the initial value, the composition was considered 
to be similar to the compositions obtained from the first test runs of the 
micro-plant. In the beginning, the mole fractions and number of the moles in 
each stage were calculated. For the vapor phase, the number of moles were 
calculated using the ideal gas law. For the liquid phase, the molar volume were 
calculated using equation 4.9. In this equation, the excess volumes of mixing 
were not considered: 

  4.9 

   
In this equation,  was the molar volume of the mixture (m3·mol-1); xi was the 
mole fraction of component i; and  was the molar volume of component i, 
(m3·mol-1). The molar volumes were assumed constant for all temperatures in 
the dynamic model. 

The vapor and liquid material balance were calculated using equation 10 and 11: 

  4.10 

  4.11 
   

Where  and  were the rate of accumulation during the time 
period of dt, (mol·s-1);  is the flow rate from the lower stage, (mol·s-1);  
is the flow rate moving to the next stage, (mol·s-1);  is the mass transfer area 
(m2);  is molar flux mol· m-2·s-1; and  is the mole transfer rate, (mol·s-1). 
Flow rates between stages were calculated based on the difference between 
specified and calculated volumes, by using a P – controller type of approach 
(Equation 4.12 for the vapor phase and 13 for the liquid phase): 

   4.12 

   4.13 

Where  and  are control parameters for the flow rates; these parameters 
were selected to be = . This value was high enough to keep the 
volumes close to the specified but not too high to avoid numerical problems. 

 and  are total molar volumes for each stage,  is specified vapor volume 
fraction on each stage, and Vj is the specified stage total volume; yij and xij are 
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presenting the mole fractions of the compound i for the vapor and liquid 
respectively,  and  are amount of moles on a stage. 

The mass transfer rate,  was calculated using a simple overall mass transfer 
coefficient (equation 4.14): 

  4.14 
Where the volumetric mass transfer coefficient is  and A is mass transfer area 
and Kij was vapor-liquid distribution ratio. By choosing , it was 
assumed that the stages are ideal.  

In this model, energy balances were not calculated, so, the temperatures for 
each stage was obtained from the distillation column measurements. The 
temperature for each stage was assumed to be constant, which is reasonably a 
good assumption for such small microscale distillation column with a 
reasonably low heat loss (see section 4.4.2). 

For calculation of the vapor-liquid distribution ratio in equation 4.14, the NRTL 
activity coefficient model (equation 2.16) was used to calculate the 
Vapor-Liquid Equilibrium (VLE) at 4 different stages. The temperatures for all 
stages were obtained from the distillation column runs. With the Antoine vapor 
pressure equation (equation 4.15) and the column temperature, the vapor 
pressures were calculated:   

  4.15 
   

Where  is liquid vapor pressure of component i (Pa); P0 is a pressure unit to 
make the logarithm expression dimensionless; A, B, C are component specific 
parameters and T is temperature (K). By having the activity coefficients and 
liquid vapor pressures, the vapor-liquid distribution ratio were calculated using 
equation 4.16: 

  4.16 
   

Where, Ki is the vapor-liquid distribution ratio,  is the activity coefficient,  
is vapor pressure of component i (Pa), and P is the total pressure. 

In this model, the volume of each stage was constant. After calculation of all 
stages, the extra liquid on stage four was considered as the bottom product of 
the system and the extra vapor on stage one was the distillate. The distillate was 
returned back to the reactor. 

Optimization of the process. According to the measurement, and the developed 
model, the high amount of methanol was accumulating in the recycle stream. 
Consequently, the production of DME and water was increasing. The high 
amount of DME in the system was causing the distillation column to work 
inefficiently, and high amount of water was inhibiting the catalyst, which could 
cause the process to stop. The developed model helped in finding a better 
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composition where the side reaction was limited and the process could be 
operated in a stabilized condition for a long time.  

4.4 Preparation of the micro-plant 

In this study, the main workload for preparation and development of the 
micro-plant was focused on reactor, distillation column (Sundberg, 2013) and 
installation of the instrumentation. Due to importance of mass balance in these 
measurements, it was very important to make the vessels completely leak tight. 
As a result, the design and manufacturing of a leak tight reactor, and checking 
the distillation column for making it leak proof was an important part of the 
work. Moreover, the procurement and installation of the instrumentation was a 
very sensitive work, which was done for several cases.  

4.4.1 Reactor 

A plug flow reactor was designed to be used in this work. The reactor was 
consisting of a stainless steel tube with the length of 24 cm, internal dimeter 
(ID) of 2.3 cm and outer diameter (OD) of 3 cm. The catalyst was Amberlyst™ 
16wet provided by Dow Chemical Company®. The inlet and outlet were covered 
by stainless steel nets to keep the catalyst inside the reactor. A back pressure 
regulator was installed after the reactor to adjust the pressure in the reactor. 

The reactor was kept isothermal at 333 K using a water thermostated coil 
surrounding it. In addition, a layer of rubber silicon insulator provided by 
Oy Meyer-Vastus Ab was used to reduce the heat transfer between the heating 
coil and the surrounding air.  

The pressure in the reactor was raised to 800 kPa. This high pressure was 
keeping all the chemicals in liquid phase during the run. The reactor was 
operated vertically with upward flow. This was facilitating the air to be released 
from the reactor during the first hours of run by pushing the gas out through 
the outlet. Figure 4.10 is presenting a schematic of the reactor. 

 

 

Figure 4.10. A schematic of the reactor.  
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4.4.2 Distillation column  

The basic distillation columns consist of vertical vessels, where the feed stream 
is entered from the middle section of the column, reflux – distillate streams are 
available at the top, and boilup – bottom outlet streams are in the bottom. This 
structure can be modified by adding more inlets and outlets in different 
sections. Additionally, it is possible to make many different types of interior 
structures to obtain adequate purity. In this setup, the boilup stream has an 
evaporator to evaporate and return a fraction of the bottom outlet back to the 
column. On the other hand, a reflux stream condense the vapor outlet and 
returns a fraction of the top outlet back to the distillation column. Normally, in 
distillation columns, the liquid phase, which has a higher density moves 
downward and the vapor phase moves upward.  

However, in this work, a cuboid horizontal vessel designed by Sundberg et al. 
(2013) was used as the distillation column. In this setup, the liquid was fed from 
the feed inlet stream (middle of the column) and the reflux stream. The liquid 
was spreading in the bottom of the distillation column on a highly porous metal 
foam. The high porosity was making the metal foam to have high capillary 
action. The capillary action of the metal foam was bringing the liquid to all the 
surface of the metal foam. The vapor was fed from the boilup inlet and moved 
towards the top of the column. The counter current movement of the vapor and 
liquid was making the mass transfer to take place. The temperatures through 
the column were measured in different sections using thermocouples. 

Since the distillation column had a large surface to volume ratio, the heat 
transfer from the walls of the unit was very high. This was cooling down the unit, 
and making it impossible to run. Therefore, the column was insulated with a 
layer of rock-wool and supported by two heating blocks at the top and bottom 
to adjust the temperature of the column. The heating blocks were warmed up 
using two heater cartridges located on the warmer (right) side of the column. 
Figure 4.11 is presenting a schematic of the distillation column.  
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Figure 4.11. A schematic representation of the distillation column. a) 3D view of 
the horizontal micro-distillation column. TI1-TI13 are the thermometer 
pockets, and S1-S3 are sampling outlets (not used in this work). b) interior of 
the distillation column. c) The side view of the distillation column. Pink is the 
rock-wool layer, and blue is the aluminum heater blocks. 

4.4.3 Instrumentation 

One of the main challenges in this work was the automation of the devices. Since 
the system was planned for 24/7 operations, it was necessary to design robust 
automated systems to control the micro-plant. In this work, the temperature 
and flowrates were needed to be measured and controlled at different sections 
of the system; an online system was needed to analyze the compositions of 
different streams; and the reflux stream needed a level controller system. Some 
examples of the process automation developed during this work are provided 
here: 

Composition analysis automation. One of the targets in papers III and IV was 
observation of the compositions at different sections of the micro-plant with 
respect to time. The online composition analysis was helping to understand the 
dynamic behavior of the system, and check the final compositions after reaching 
steady state. In the beginning of this work, two GCs were used for measuring 
the compositions of the reflux and boilup stream. However, the other streams 
such as reactor input and output could not be checked during 24/7 service.  

During this work, a selector valve and one online sampling valve were added to 
a GC to collect samples from different streams. With this arrangement, the 
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compositions for up to six streams could be analyzed using one GC. In this 
setup, the selector valve was trapping one of the streams and directing it 
towards the online sampling valve. The online sampling valve was collecting a 
0.001 cm3 sample from the selected stream. The rest of this stream was passing 
through the two valves and following the stream line. In this setup, the other 
streams were flowing through the selector valve without any stream relocation. 
Figure 4.12 is presenting a schematic view of the sampling system. More details 
can be found in paper III. 

 

 

Figure 4.12. The automated sampling valves used for analysis of the 
composition from different sections of the micro-plant. a) the bottom product 
is passing through the sampling valve, b) a sample is obtained from the bottom 
product stream, c) the distillate stream is passing the sampling valve.  

Pump control using Arduino®. During recent years, several affordable 
microcontroller hardware were introduced by Arduino® open source platform, 
which can be used to control small or large scale systems. Arduinos are able to 
read sensor (input) values, process the data and give feedbacks based on the 
processed data. This can be very beneficial in the piloting projects due to the 
possibility of controlling different equipment using easy to understand 
microcontrollers. 
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In this work, the workload on the reflux and distillate (recycle) stream pumps 
were higher than their operating limits. This was causing time to time pump 
failure. It was noticed that the electric motors of the pumps could not provide 
the adequate torque to run the pumps. By increasing the load on the electric 
motors, they were warming up. This was causing the pumps to stop, which was 
making the micro-plant to lose the steady state condition. Therefore, the 
original servo motors were changed to two direct current (DC) electric motors 
with higher torques. This was making it possible to run the pumps during the 
micro-plant runs without serious failures. The Arduino Uno® micro-controller 
and a circuit board based on the L298N DC electromotor driver provided by 
STMicroelectronics® were assembled to run the DC motors. Since the reflux 
stream needed level control, a differential pressure transmitter was used to 
compare the liquid pressure in the collector vessel and the ambient pressure 
(see Figure 4.8). When the pressure was raising in the collector vessel, the pump 
was activating to reflux the material back to the distillation column. Figure 4.13 
is presenting the schematic diagram of the electromotor driver designed to run 
the pumps. 

  

 

Figure 4.13. The schematic of the driver made for running the pump electric 
motors. 1- 24 V power supplies for powering the devices, 2- Differential pressure 
transmitter, 3- 250 Ω resistor for conversion of the electric current to voltage, 
4- L298N dual H-Bridge motor controller, 5- Arduino Uno®, 6-Pumps. 
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5. Conclusion 
 

 

 

 

 

The old mindsets, which believed that the biggest scale is the best scale, is 
changing during recent years. The new generation of the processes should focus 
on the maximum efficiencies with respect to space, time, energy, safety, 
environment, etc. 

The target of this study was development and introduction of micro-scale plants 
for development of new processes. This work was done in three major parts. The 
first part was focusing on the phase equilibria and thermodynamic 
measurement related to the work (papers I and II). The second part was 
development of a new distillation column using the 3D printing method 
(paper III). And the last part was development of the process for production of 
TOME using a micro-scale plant (paper IV), which was done in several steps 
including literature review of the earlier works, laboratory synthesis of TOME, 
phase equilibria and kinetic measurements, and finally piloting the process 
using the micro-scale plant.  

In this study, the development of a process for production of TOME from 
different aspects were investigated. At the beginning, a lab scale batch column 
was made to synthesize the TOME (paper II). This work was showing that the 
TOME can be produced with reactive distillation method. Then, the 
liquid-liquid equilibria (LLE) and excess enthalpies (HE) of the main chemicals 
which were present in the process were studied in papers I & II. These 
measurements were showing the possibility of unfavorable phase split in the 
process. Moreover, the developed thermodynamic models could be used in the 
modeling of the process for production of TOME. Later, different mole fractions 
of the feed were fed to the reactor of micro-plant to study the kinetics in this 
plug flow reactor. Finally, the piloting of TOME in the micro-scale plant was 
investigated using the reactor and a distillation column. Since the distillate was 
completely recycled, the accumulation of the chemicals in the recycle stream 
and the methods for overcoming the problem was investigated. In this work, 
due to accumulation of the chemicals in the recycle stream, a dynamic model 
was needed to predict the behavior of the system. The dynamic model was 
developed using the UNIFAC and NRTL models. The use of such type of 
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conventional models was showing that the micro-scale can be suitable as a part 
of piloting and scale up of similar processes.   

The development of micro-scale devices for piloting of chemical processes were 
in progress during recent years. In this work, a new micro distillation column 
was designed and manufactured with 3D printing method (paper III). A 
modular distillation column was designed and printed, piece-by-piece, using a 
digital light processing (DLP) 3D printer. Later, the distillation column was 
tested and characterized in the laboratory using two different types of packings. 
This study was showing that the 3D printing can be an effective tool for design 
and manufacturing of new micro-scale devices to be used in micro-plants. 
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6. Suggestions for future works 
 

 
 
 
 
 
 

For the future works, after having the experience from this study, it is possible 
to integrate the etherification process in to one device and make a reactive 
distillation column. To overcome the challenges with complications in 
manufacturing, the application of 3D printing can be considered. The process 
can be printed from polymeric materials and coated with electroless plating or 
it is possible to print them using metal laser sintering. In both cases, the 
equipment can be printed using modular parts, which can be added or removed 
depending on the demands of the process. Another suggestion is the possibility 
of using the trending internet of things (IOT) for running the micro-plant. 
Currently, in a normal operating day, the micro-plant is operated for 14-16 
hours without supervision, the IOT can help the operator to have a time-to-time 
observation of the process and make the necessary modifications from home or 
wherever the internet is available. The outcomes would probably show more 
smoothed results with less deviations from the stabilized condition.  

The micro-plant project has the possibility to be used in future for education. 
Based on these experiments, the operation of this process is safer than many 
laboratory experiments that are already given to bachelor’s and master’s degree 
students. Therefore, it is possible to let students to operate the micro-plant and 
learn about the process operation in a reasonably safe environment. The 
observation of the streams using transparent tubes can give a better 
understanding of the phenomena happening in the process to students. 

On the other hand, the micro-plant can be used as an effective tool in industrial 
process development projects. The development of the process for production 
of TOME was showing that it is possible to pilot similar type of processes in this 
scale. The micro-scale is reasonably cheaper to build (McConville, 2000 and 
Palluzi, 2000) and operate. Therefore, it is possible to build several 
micro-plants and test several cases at the same time. This can effectively 
improve the process development by testing several cases in a reasonable time. 
As a result, the simulations can be compared against more number of 
measurements, which can lead to simulations that are more accurate. The 
higher accuracy in simulation can help in designing processes with higher 
efficiencies.  
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