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Chapter 3 Experimental set-up 

Chapter 3 

Experimental set-up 

3.1 Description of the hardware 

The experiments were carried out in a laboratory scale distillation column (Dome type-floor-
column [DN 50]; supplied by Scott Nederland B.V.) with an inner diameter of 50 mm and a 
total height of approximate 2160 mm. A picture and a schematic drawing are shown in Fig. 
3.1 and Fig. 3.2 respectively. The double layered glass distillation column consists of a total 
condenser at the top (1), a partial reboiler at the bottom (12) and ten equal bubble cap trays (2-
11) for which the dimensions are tabulated in Table 3.1 and pictured in Fig. 3.3. The bubble 
cap trayed column is subdivided into two parts of each five bubble cap stages. Between those 
two parts there is a flanged intermediate piece at which a continuous feed can be introduced to 
the column. Besides, product streams can be tapped automatically from the condenser and 
manually from the reboiler. 
The distillation column is provided with several small openings of approximate 10 mm in 
diameter, which are sealed with Teflon-coated septums. These "draw-off faucets" enable to 
measure the temperatures at certain trays inside the column. Also vapor and liquid samples 
can be withdrawn at those places where the openings are located. Hence, the temperature and 
composition profiles inside the distillation column can be measured throughout any 
experimental operation. 
The reboiler is placed in a heating coat, which is controlled by a standard PC provided with 
the following software (Honeywell): 

operating system: WinNT-workstation 4.0 
- FIX MM I V 6.15/75-I/O-points runtime 
- OPTO Control rel2.2a 

By means of the PC, the reboiler temperature (or reboiler duty) can be controlled as well as a 
feed- and/or product-flow. The use of the PC also ensures an automatic safety shut down in 
case the column/reboiler accidentally tends to dry up. 
The condenser is connected to a water tap, which provides cooling water flowing through the 
thin glass tubes inside the condenser. The rate of the cooling water is a dimension for the 
condenser capacity. 
To be conformable with the nomination to be used with simulations, the condenser is named 
the theoretical stage 1. This implies that the first real bubble cap tray is called stage number 2 
and the last bubble cap tray stage number 11, since we count from the top to the bottom. The 
reboiler gets the nomination of stage number 12. 
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Fig. 3.1. Photo of laboratoiy-scale distillation column. Includes total condenser (1), partial 
reboiler (12), ten equal bubble-cap stages (2-11) and draw-off faucets; 9 for vapor samples 
(V) and 4 for liquid samples (L). 
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Fig. 3.2. Schematic picture of laboratory-scale distillation column. Includes total condenser 
(1), partial reboiler (12), ten equal bubble-cap stages (2-11) and 13 draw-off faucets; 9 for 
vapor (V) and 4 for liquid samples (L). 
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Fig. 3.3. Schematic drawing and details of a bubble-cap stage. 

Table 3.1 
Bubble cap tray hardware of the laboratory-scale distillation column 

Column diameter 
Tray spacing 
Number of flow passes 
Liquid flow path ength 
Downcomer clearance 
Deck thickness 
Hole diameter 

Weir type 
Weir length 
Weir height 
Weir diameter 

0.0500 m 
0.0462 m 
1 
0.0308 m 
0.0039 m 
0.0030 m 
0.0142 m 

Circular 
0.0182 m 
0.0092 m 
0.0058 m 

Hole pitch 
Cap diameter 
Skirt clearance 
Slot height 
Active area (of total area) 
Total hole area (of total area) 
Downcomer area (of total area) 

Slot area 
Riser area 
Annular area 

0.0142 m 
0.0281 m 
0.0030 m 
0.0050 m 
97.30 % 
8.27 % 
1.35 % 

0.000221 m2 

0.000158 m2 

0.000462 m2 
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3.2 Description of the experiment 

All experiments were carried out under total reflux and atmospheric pressure. No feed was 
added to the system or product-streams were taken from the column, hence it is a so-called 
closed operating system. The experimentally examined systems were binary, ternary and 
quaternary azeotropic mixtures. As well homogeneous as heterogeneous ternary azeotropic 
systems have been studied throughout my thesis. For all experiments, the actions to undertake 
were exactly the same. 
A certain starting composition of the mixture was placed into the reboiler of the laboratory 
bubble cap column. Using the connected PC, a specific reboiler duty was specified by means 
of enforcing a constant temperature to the heating coat in which the reboiler is placed. The 
fixed temperature of the heating coat was chosen for every examined mixture in such a way 
that enough heat duty was supplied by the reboiler to ensure the use of the whole column; also 
the top stages and condenser were fully utilized. The capacity of the condenser is such that no 
product-stream/distillate was leaving the column at the top. After steady state was reached (in 
about 2 hours), the temperature- and composition profiles were measured for every single 
experimental run. 
By adding the appropriate volume of the regarding component(s) of the mixture into the 
reboiler before heating up the column, every possible "composition-area" (in for instance the 
composition triangle of any ternary mixture) can be examined. 

3.2.1 Temperature measurement 

The temperatures of the vapor at eight different locations along the distillation column were 
continuously registered by the PC. The temperatures were measured using 'PT100' 
temperature sensors, which transmitted the information directly to the PC. The sensors were 
connected to six bubble cap stages (nr 2, 4, 6, 7, 9, 11), the condenser (nr 1) and the reboiler 
(nr 12), see Fig. 3.2. Since the temperature trends can be followed directly on the screen, it is 
easy to judge when steady state has been reached; the temperatures are all constant at that 
point. Measuring the temperatures had two more benefits besides having the matching 
temperature-profile in the distillation column belonging to its composition-profile to be 
measured afterwards. The first beneficial side issue is the information about the time required 
for the distillation column to reach steady state. This minimum time is important for the next 
step in the experiment when the composition-profile is to be measured. In that case, the 
temperature sensors are not attached to the column and therefore do not give any information 
on the PC-screen. However, it may be assumed that the time needed to reach steady state 
again (with the same mixture/compositions) will be more or less the same. If this minimum 
required time is waited after re-heating the column, you can be absolutely sure that the 
composition-profile you are measuring belongs to a steady state operation. 
Another benefit is the information about the possible compositions in the distillation column 
given by the online temperatures. If certain composition areas are to be examined, the 
temperatures can provide information in advance whether you are already operating in that 
specific area. Taking samples to acquire the composition-profiles (trials) is much more time 
consuming than looking to the online temperatures. 

15 



Chapter 3 Experimental set-up 

After the temperature measurements, the column was cooled down before the temperature 
sensors were replaced by the Teflon coated septums in order to reduce the possible vapor 
losses during the replacements. (Note: due to practical shortcomings, the temperature- and 
composition profiles could not be measured at the same time). It is important to minimize 
these possible vapor losses, so that the match between the temperature- and (vapor and liquid) 
composition-profiles are as good as possible. 

3.2.2 Composition-profile measurements 

When steady state was reached again after re-heating the laboratory distillation column, 
samples of the vapor and the liquid phase were taken from several points along the column 
using a syringe. The withdrawal positions of the vapor phase are identical with the points 
where the temperatures were measured plus one additional place in the middle of the 
intermediate section (VI, V2, V4, V6, V6a. V7, V9, VI1 , V12), see Fig. 3.2. The liquid 
samples were taken from only four bubble cap trays (L2, L6, L7, LI 1), see Fig. 3.2. Since all 
experiments were carried out at total reflux, the composition of the vapor leaving any given 
stage equals the composition of the liquid arriving at that stage from above. Therefore, it does 
not really matter whether samples were taken from the liquid or the vapor; in any case they 
can be combined when plotting the composition trajectories later on. 

The sample volumes were always around 100 ul and weighted exactly with a balance (the 
accuracy of the balance is 0.1 mg). In this way, the exact volume of each sample could be 
calculated afterwards in a spreadsheet. The exact weight is very important to obtain accurate 
composition-profile measurements. Furthermore, each sample volume was intentionally kept 
small to prevent worth mentioning changes in the composition-profile during the entire 
experiment, (each sample can be seen as a small productstream, which of course could 
influence the compositions/profiles in the distillation column). All samples (nine vapor and 
four liquid) for every experimental run were dissolved in a reference solvent and subsequently 
injected into the gas chromatograph. Each binary, ternary or quaternary mixture has its own 
reference solvent to be dissolved in, see Table 3.2 (page 22). The choice of the reference 
components is very important for a good examination of each sample-composition. Each 
component has for any given temperature and flowrate through the GC (gas chromatograph), 
its own retention time before it leaves the GC-channels (and thus shows a peak). The peak for 
each component should never overlap with another peak. Hence, the retention time of the 
reference component may never interfere with the time dependent area of any other 
component in the mixture. The calculation of the sample-composition (analyzing the peak-
areas) will be discussed later in this chapter. 

3.2.3 Gas chromatograph analysis 

For the analysis of the samples, a gas chromatograph of type GC8000-top with pressure/flow 
control was used. The samples were injected automatically with an autosampler of type 
AS800. Its channel Hayesep-Q 80-100 is made of stainless steel and has a total length of 1 
meter and a diameter of 0.125 inch (~ 3.175mm). The major specifications for the gas 
chromatograph (and the connected autosampler) are the analysis time for each sample (mostly 
fixed at 30 min), the oven heating rate (max. 70 K/min), the initial oven temperatures 
(system/mixture dependent) and above all the carrier gas flow. The last one is very important; 
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if the carrier gas-flow is not accurate, it will be very difficult (if not impossible) to specify the 
oven temperature and others such that still good detection results (peak-areas) can be obtained 
for all components without any overlap. The carrier gas used was Helium because of its high 
thermal conductivity and chemical inertness. 

The GC contains a thermal conductivity detector (TCD or HWD), which is sensitive to any 
compound having thermal conductivity other than that of the carrier gas used. The TCD 
essentially consists of a stainless steel block containing two pairs of filaments (generally 
Tungsten/Rhenium filaments) having the same electrical resistance. The block is housed in an 
aluminum case that accommodates the heating elements and the temperature sensor. The two 
pairs of filaments are electrically connected according to the Wheatstone bridge diagram, see 
Fig. 3.4. Two gas-flows, a reference and a measuring one, enter the TCD cell, they pass 
through the two pairs of filaments and finally they are vented to the atmosphere. When the 
bridge is properly powered, the filaments are heated at a temperature (resistance) that is a 
function of the thermal conductivity of the gas flowing through the filaments. The reference 
element is exposed only to the pure carrier gas-flow, whereas the measuring element is 
exposed to the effluents of the gas chromatograph column (carrier gas and sample). When 
pure carrier gas crosses both the reference and measuring channels, a constant temperature 
gradient is established between the elements and the detector walls. Hence, the Wheatstone 
bridge is in equilibrium and no output signal will appear. While a chromatographic 
component is eluted, a change takes place in the heat transfer followed by a variation of the 
filaments temperature. Since the electrical resistance is a function of the temperature, the 
bridge becomes unbalanced and the detector generates a signal (area-peak) that is proportional 
to the difference in thermal conductivity between the eluted component and the carrier gas. 
The output signal is sent to a recorder, here the Chrom-Card software. The signal polarity is 
determined by the thermal conductivity of the component, by that of the carrier gas and of the 
left or the right channel selected as analytical channel. 

s 
I 

Bridge inlet 
Bridge outlet 
Carrier gas flow 
+ sample 

Reference gas flow 
Measuring filaments 
Reference filaments 

Fig. 3.4. Schematic drawing of Wheatstone bridge diagram 
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In order to start the GC-analysis, the production of two necessary solvents have to be taken 
into consideration. First, a reference solvent mK( (Table 3.2, page 22) is required, which 
consists of a solvent /MSOivent (in which all mixture-components easily dissolve) and a reference 
component wx that is not present in the mixture to be analyzed. 

™r,f =m solve, + " ' , (31) 

Secondly, a calibration solution /wcai has to be prepared, which consists of a certain (exactly 
weighted and known) amount of each component present in the mixture (m\. m,, m^ ) 
dissolved in the pure solvent /wsoivem (also known volume). 

(3.2) 

The two solutions mentioned above are for each system specific (binary, ternary or 
quaternary), see Table 3.2 (page 22). 
For each single experimental run, nine vapor and four liquid column-samples mm\x were 
withdrawn from the laboratory distillation column. Each column-sample was dissolved in a 
fixed amount of the reference solvent m^ before injected into the gas chromatograph. 

ms = mrel + tnnm (3.3) 

To calculate the exact compositions of the column-samples (in other words; the composition 
profile of the mixture in the laboratory distillation column), at least two additional samples 
have to be prepared from the calibration solution m&\. Again, each calibration-sample was 
dissolved in a fixed amount of the reference solvent mK{ before injected into the gas 
chromatograph. 

n .. 
(3.4) 

Note: /77caii # wcai2, but exactly weighted; mKf= fixed (and "equal") for all samples 

As a result of the GC-analysis, a time dependent area for each component will be obtained. 
From this (peak)area, the mass of each component can be calculated by means of a 
concentration factor, the so-called "A -̂value". 

3.2.4 Calculation of the K-value 

The mass mj,csi of component i in the first calibration sample is given by: 

mjcs]=m „ *—— (3.5) 

analog we can write for the mass of component / in the second calibration sample: 

rrt 
mics2=mcal2* ( 3 - 6 ) 

W,.„, 

lis 
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The mass of the reference component in the first calibration sample is equal to: 

' " , „ , = ' « „ , 0 , * — (3-7) 
mref 

with Wref.csi is the mass of the reference solvent in the first calibration sample. 
Analog we can write for the mass of the reference component in the second calibration 
sample: 

' « , ^ = » V ^ * — (3-8) 
mref 

The area for the component i in the first calibration sample produced by the GC is given by: 

4 „ , =^SÊS-*mUA*rl (3.9) 
"cs\ 

where Flection is the volume automatically taken by the GC from the sample to be analyzed 
and r\ is the response factor for component /'. Analog to Eq. (3.9), the area for the reference 
component in the first calibration sample is given by: 

A , = - ^ ^ * w *r (3.10) 
, ,„1 y^ ,,.S1 X 

From Eq. (3.9) and (3.10) follows: 

A. . m . r 
I2£L = _ ^ L l L = OTj t*K. (3.11) 
4^1 w«„ r< 

in which K\ is the concentration factor for component i. Analog we find for the second 
calibration sample: 

AUs2 mi.c,2 r, *.V f , , ^ 
= micsi K-i (3-12) 

A 2
 mx&2 rx 

Plotting the area-ratios from Eq. (3.11) and (3.12) as a function of the mass of component i 
present in the calibration samples, we (should) obtain a straight-line through the origin. The 
slope of this straight-line gives the value of Â . It is clear that the use of more calibration 
samples with different amounts taken from the calibration solution (wcai) will give better 
results for the concentration factor K\. The concentration factor has to be determined for each 
component present in the mixture. 
The same equations for the areas of each mixture-component are valid for the column-
samples: 

A. m r 
-^ = - ^ ^ = m *K, (3.13) 
K* m*, rv 

Since we determined all the concentration factors, the mass of each component present in the 
mixture can be found with: 

A. 
m =^^K (3.14) 

' A. ' 
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3.2.5 Experimental mixtures / systems 

Several mixtures (or systems) were studied experimentally and even more with the help of 
simulations. The reason for examining so many different systems is to provide a broad 
foundation for our experimental observations (findings) and further conclusions. In order to 
make useful experiments, it is inescapable to invest some time on preliminary investigation by 
means of simulations. Therefore the number of systems studied with simulations is slightly 
higher than eventually examined experimentally. At the beginning of this project, the study 
was mainly focussed on homogeneous azeotropic mixtures with one or two azeotropes. In 
order to understand and support conclusion made for these ternary systems, binary azeotropic 
mixtures (parts of the ternaries) were examined as well. Subsequently, the study was 
expanded with the investigation of a quaternary azeotropic distillation system and finally 
completed with the examination of two heterogeneous ternary azeotropic systems. All the 
experimentally examined systems are tabulated in Table 3.2 (page 22) with their 
accompanying reference solvents and calibration solutions needed for the accomplishment of 
the composition profile measurements. Also, each examined mixture is briefly described 
below concerning its incorporated azeotrope(s) and distillation line(s). The NRTL parameters 
for each (binary, ternary and quaternary) system are tabulated in Table 3.3 (page 23). 

Binary mixtures 
Water - Ethanol, has one binary azeotrope between water and ethanol 
Methanol - Isopropanol 
Water - Isopropanol, has one binary azeotrope between water and isopropanol 

- Water - Methanol 
Water - Methylacetate, has a binary azeotrope between water and methylacetate. 
Ethanol - Cyclohexane, has one binary azeotrope between ethanol and cyclohexane 
Acetone - toluene 

Ternary homogeneous mixtures 
Water - Ethanol - Acetone, has a binary minimum boiling azeotrope for the water -
ethanol mixture, which leads to a simple (straight) distillation boundary between the 
azeotrope and pure acetone 
Water - Methanol - Isopropanol, has a binary azeotrope for the water - isopropanol 
mixture, which leads to a simple (straight) distillation boundary between the azeotrope 
and pure methanol 
Water - Ethanol - Methanol, has a binary minimum boiling azeotrope for the water -
ethanol mixture, which leads to a simple (slightly curved) distillation boundary between 
the azeotrope and pure methanol 

Ternary heterogeneous mixtures 
Water - Ethanol - Cyclohexane, has a minimum boiling heterogeneous ternary azeotrope 
to which three distillation boundaries converge. The three distillation boundaries start at 
three different saddle points: (1) water - cyclohexane heterogeneous binary azeotrope, (2) 
water - ethanol binary azeotrope and (3) ethanol - cyclohexane binary azeotrope 
Water - Acetone - Toluene, has one minimum boiling heterogeneous binary azeotrope for 
the water - toluene mixture, which leads to a straight distillation boundary connecting the 
azeotrope with pure acetone 
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Water - Ethanol - Methylacetate, has a binary azeotrope for the water - ethanol mixture 
and a binary azeotrope for the water - methylacetate mixture, which leads to a simple 
curved distillation boundary between the two azeotropes. 

Although the latter ternary heterogeneous mixture shows liquid phase splitting in the water-
rich corner of the composition triangle (see Fig. 6.8, chapter 6.4), this system will be 
discussed (later in this thesis) together with the three homogeneous azeotropic systems since 
all experiments for the water - ethanol - methylacetate system were restricted to its 
homogeneous region (around the distillation boundary) without liquid phase splitting. 

Quaternary homogeneous mixture 
Water - Ethanol - Methanol - Acetone, has a minimum boiling azeotrope for the water -
ethanol mixture. The distillation boundary is presented by a surface with its corners at 
pure acetone, pure methanol and the water - ethanol azeotrope. 

21 



Chapter 3 Experimental set-up 

Table 3.2 

Reference solvents and calibration solutions used for all experimental mixtures 

Binary systems 

Water - Ethanol 

Ethanol - Cyclohexane 

Methanol - Isopropanol 

Water - Isopropanol 

Acetone - Toluene 

Water - Methanol 

Water - Methylacetate 

Reference solvent 
1 vol% n-Propanol 
99 vol% Acetone 

1 vol% n-Propanol 
99 vol% Acetone 

1 vol% n-Propanol 
99 vol% Ethanol 

1 vol% n-Propanol 
99 vol% Ethanol 

1 vol% n-Propanol 
99 vol% Ethanol 

1 vol% n-Propanol 
99 vol% Ethanol 

1 vol% Cyclohexane 
99 vol% Acetone 

Calibration solution 
0.25ml Water and Ethanol 
5ml Acetone 

0.25ml Ethanol and Cyclohexane 
5ml Acetone 

0.25ml Methanol and Isopropanol 
5ml Ethanol 

0.25ml Water and Isopropanol 
5ml Ethanol 

0.25ml Acetone and Toluene 
5ml Ethanol 

0.25ml Water and Methanol 
5ml Ethanol 

0.25ml Water and Methylacetate 
5ml Acetone 

Ternary systems (Homogeneous) 
Reference solvent Calibration solution 

Water - Ethanol - Acetone 

Water - Methanol - Isopropanol 

Water - Ethanol - Methanol 

1 vol% Cyclohexane 
99 vol% n-Propanol 
1 vol% n-Propanol 
99 vol% Ethanol 

1 vol% Cyclohexane 
99 vol% Acetone 

0.25ml Water, Ethanol and 
Acetone, 5ml n-Propanol 

0.25ml Water, Methanol and 
Isopropanol, 5ml Ethanol 

0.25ml Water, Ethanol and 
Methanol, 5ml Acetone 

Ternary systems (Heterogeneous) 

Water - Ethanol -

Water - Acetone 

Water - Ethanol -

Cyclohexane 

- Toluene 

Methylacetate 

Reference solvent 
1 vol% n-Propanol 
99 vol% Acetone 

1 vol% n-Propanol 
99 vol% Ethanol 

1 voI% Cyclohexane 
99 vol% Acetone 

Calibration solution 
0.25ml Water, Ethanol 
Cyclohexane, 5ml Acetone 

0.25ml Water, Acetone 
Toluene, 5ml Ethanol 

0.25ml Water, Ethanol 
Methylacetate, 5ml Acetone 

and 

and 

and 

Quaternary system 

Water - Ethanol - Methanol -
Acetone 

Reference solvent 
1 vol% Cyclohexane 
99 vol% n-Propanol 

Calibration solution 
0.25ml Water, Ethanol, Methanol 
and Acetone, 5ml n-Propanol 
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Table 3.3 
NRTL parameters for binary, ternary and quaternary mixtures at 101.3 kPa (Gmehling & Onken, 
1977). These parameters are used along with G„ = expl-a^Tq) and T,J = B,/T 

Binary systems 
Component i 

Water 

Ethanol 

Methanol 

Water 

Acetone 

Water 

Water 

Component^ 

Ethanol 

Cyclohexane 

Isopropanol 

Isopropanol 

Toluene 

Methanol 

Methylacetate 

Ba / [K] 

624.9174 

440.6134 

65.71121 

729.2208 

-124.774 

594.6299 

796.8165 

B, 1 [K] 

-29.169 

717.6762 

-89.74272 

70.6619 

366.098 

-182.6052 

334.6706 

a, 1 H 
0.2937 

0.46261 

0.304 

0.288 

0.295 

0.297 

0.35 
Ternary systems (Homogeneous) 
Component i 

Water 
Water 
Ethanol 

Water 
Water 
Methanol 

Water 
Water 
Ethanol 

Component j 

Ethanol 
Acetone 
Acetone 

Methanol 
Isopropanol 
Isopropanol 

Ethanol 
Methanol 
Methanol 

flii / [K] 

624.9174 
602.6252 
188.8983 

594.6299 
729.2208 
65.71121 

624.9174 
594.6299 

73.413 

5„ / [K] 
-29.169 

330.4768 
22.83319 

-182.6052 
70.6619 

-89.74272 

-29.169 
-182.605 
-79.1718 

«„ / [-] 
0.2937 
0.5103 
0.3006 

0.297 
0.288 
0.304 

0.2937 
0.297 

0.3029 
Ternary systems 
Component i 

Water 
Water 
Ethanol 

Water 
Water 
Acetone 

Water 
Water 
Ethanol 

(Heterogeneous) 
Component^ 

Ethanol 
Cyclohexane 
Cyclohexane 

Acetone 
Toluene 
Toluene 

Ethanol 
Methylacetate 
Methylacetate 

Ba 1 [K] 
557.4826 

4422.3 
440.6134 

653.885 
2160.78 
-124.774 

624.9174 
796.8165 
198.9705 

B» 1 [K] 
29.08636 
1688.273 
717.6762 

377.577 
2839.37 
366.098 

-29.169 
334.6706 
134.162 

an 1 H 
0.3475 

0.21159 
0.46261 

0.5859 
0.2 

0.295 

0.2937 
0.35 
0.3 

Quaternary system 
Component / 

Water 
Water 
Water 
Ethanol 
Ethanol 
Methanol 

Component^ 

Ethanol 
Methanol 
Acetone 
Methanol 
Acetone 
Acetone 

5^ / [K] 

624.9174 
594.6299 
602.6252 

73.413 
188.8983 
97.78178 

Sji / [K] 

-29.169 
-182.6052 
330.4768 
-79.1718 
22.83319 

107.83 

«a 1 [-] 
0.2937 
0.297 

0.5103 
0.3029 
0.3006 
0.3008 
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