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Appendix A

Data Compilation and Estimation for the Toluene Photo Chlorination System

Setting a reliable data bank for the toluene photo chlorination reaction system is the first necessary part of our work. By searching the published literature and data banks we have acquired most of the needed information. These physical property and thermodynamic data and appropriate correlations were then converted into FORTRAN source codes, which are easily accessed through a FORTRAN interface program so that they can be used for process simulation in the model developed for that purpose.  The relevant data and correlations for our reaction system are listed and discussed below.

A.1 Physical Properties

TABLE A - 1. Basic Physical Data for Reaction Components (Daubert and Danner 1993; AIChE 1994)

Component Name
Molecular Weight

(g)
Normal Boiling Temperature

(K)
Critical Temperature

(K)
Ideal Gas Heat of Formation

(J/kmol)

Chlorine
70.905
239.12
417.15
0.0000(107

TABLE A-1. Basic Physical Data for Reaction Components (Daubert and Danner 1993; AIChE 1994) (continue)

Hydrochloride
36.461
158.97
324.65
-9.2312(107

Toluene
92.141
383.78
591.79
4.9999(107

o-chlorotoluene
126.585
423.30
656.00
1.8200(107

benzyl chloride
126.585
452.55
686.00
1.8700(107

benzal chloride
161.030
487.00
731.00
1.3000(107

benzotrichloride
195.475
486.65
737.00
-1.2343(107

The correlations of pertinent physical and thermodynamic properties are summarized below.

Liquid Molar Densities of the Reaction Components (Daubert and Danner 1993; AIChE 1994)
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TABLE A - 2. Parameters for Determination of Density

Component Name
A1
B1
C1
D1

Chlorine
2.1804
2.7315(10-1
4.1715(102
2.8830(10-1

Toluene
8.8257(10-1
2.7108(10-1
5.9179(102
2.9889(10-1

o-chlorotoluene
7.1690(10-1
2.6100(10-1
6.5600(102
2.8570(10-1

Benzyl chloride
6.8550(10-1
2.5374(10-1
6.8600(102
2.8570(10-1

Benzal chloride
6.4280(10-1
2.5970(10-1
7.3100(102
3.1940(10-1

Benzotrichloride
5.4506(10-1
2.5387(10-1
7.3700(102
2.8570(10-1

Vapor Pressures (Daubert and Danner 1993; AIChE 1994)
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(A-2)

TABLE A - 3. Parameters for Determination of Vapor Pressure

Component Name
A2
B2
C2
D2
E2

toluene
83.359
-6995.0
-9.1635
6.2250(10-6
2.0000

o-chlorotoluene
72.408
-7482.5
-7.2787
3.1934(10-6
2.0000

benzyl chloride
54.751
-7169.8
-4.4836
1.3858(10-18
6.0000

benzal chloride
44.254
-6756.3
-3.0489
1.3361(10-18
6.0000

benzotrichloride
55.520
-7419.0
-4.6513
1.7396(10-18
6.0000

Ideal Gas Heat Capacity (Daubert and Danner 1993; AIChE 1994)
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TABLE A - 4. Parameters for Determination of Ideal Gas Heat Capacity

Component Name
A3
B3
C3
D3
E3

Chlorine
2.9142×104
9.1760×103
9.4906×102
1.0030×104
4.2500×102

Hydrogen chloride
2.9157×104
9.0480×103
2.0938×103
-1.0700×102
1.2000×102

Toluene
5.8140×104
2.8630×105
1.4406×103
1.8980×105
-6.5043×102

o-chlorotoluene
1.0010×105
4.2900×105
2.5650×103
2.6730×105
-9.1920×102

benzyl chloride
5.7406×104
2.1958×105
1.4373×103
1.6556×105
6.5150×102

benzal chloride
8.8470×104
2.5653×105
1.4514×103
1.8533×105
6.8020×102

Benzotrichloride
9.7800×104
1.7927×105
-6.2900×102
9.7900×104
1.7610×103

Liquid Heat Capacity (Daubert and Danner 1993; AIChE 1994)
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TABLE A - 5. Parameters for Determination of Liquid Heat Capacity

Component Name
A4
B4
C4
D4

Toluene
1.9044×105
-7.5064×102
2.9723
-2.7755×10-3

o-chlorotoluene
9.1400×104
3.0740×102
0.0000
0.0000

Benzyl chloride
1.0610×105
2.5700×102
0.0000
0.0000

Benzal chloride
9.0050×104
2.8420×102
0.0000
0.0000

benzotrichloride
1.0600×105
3.2100×102
0.0000
0.0000

Gas Viscosity (Daubert and Danner 1993; AIChE 1994)
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(A-5)

TABLE A - 6. Parameters for Determination of Gas Viscosity

Component Name
A5
B5
C5

Chlorine
2.6000×10-7
7.4230×10-1
9.8300×101

Hydrogen chloride
4.9240×10-7
6.7020×10-1
1.5770×102

Toluene
2.9190×10-8
9.6480×10-1
0.0000

o-chlorotoluene
1.5626×10-7
7.5880×10-1
1.9542×102

benzyl chloride
2.5020×10-7
6.7810×10-1
2.3820×102

benzal chloride
6.8413×10-8
8.4730×10-1
7.3460×101

benzotrichloride
1.7414×10-7
7.4880×10-1
2.2843×102

Liquid Viscosity (Daubert and Danner 1993; AIChE 1994)
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(A-6)

TABLE A - 7. Parameters for Determination of Liquid Viscosity

Component Name
A6
B6
C6
D6
E6

Chlorine
-2.5682×101
9.7490×102
2.5575
-4.300×10-26
10.0

Hydrogen chloride
7.1320×101
-2.5421×103
-1.2680×101
0.0000
0.00

Toluene
-1.3362×101
1.1830×103
3.3300×10-1
0.0000
0.00

o-chlorotoluene
-1.2784
6.5420×102
-1.3845
0.0000
0.00

benzyl chloride
-1.4080
8.9240×102
-1.4713
0.0000
0.00

benzal chloride
-3.2123
1.1005×103
-1.2083
0.0000
0.00

benzotrichloride
1.6400
9.2000×102
-1.9018
0.0000
0.00

Heat of Vaporization (Daubert and Danner 1993; AIChE 1994)
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(A-7)

TABLE A - 8. Parameters for Determination of Heat of Vaporization

Component Name
A7
B7
C7
D7

chlorine
2.8560×107
5.1900×10-1
-3.3150×10-1
1.9900×10-1

hydrogen chloride
3.0540×107
1.6900
-2.2393
1.0086

toluene
5.0160×107
3.8340×10-1
0.0000
0.0000

o-chlorotoluene
5.7614×107
3.7724×10-1
0.0000
0.0000

benzyl chloride
6.1140×107
3.8030×10-1
0.0000
0.0000

benzal chloride
5.8500×107
3.0860×10-1
0.0000
0.0000

benzotrichloride
6.1270×107
3.7070×10-1
0.0000
0.0000

A.2 Evaluation of Enthalpies of Gas Components

In evaluating the enthalpies of reaction components, the thermodynamic energy scale that is most frequently used is based on choosing as the reference (zero) state for both enthalpy and Gibbs free energy for each atomic species its simplest thermodynamically stable state at 25(C and 1 atm.  Starting from this basis, and using the data from a large number of heats of reaction, heats of mixing, and chemical equilibrium measurements, the enthalpy of all other molecular species relative to their constituent atoms in their reference states can be determined. The enthalpies of the gas components in our reaction system can be evaluated by following the thermodynamic paths as shown in FIGURE A - 1. The enthalpies of the gas components are then calculated using equation (A-8). The enthalpy of gas mixture is evaluated by equation (A-9). The enthalpy of mixing is neglected.
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where 
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 is the enthalpy change of the gas species from the standard state to the state of interest,  yi is the molar fraction of component i in gas phase.
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FIGURE A - 1. Thermodynamic paths to evaluate enthalpy of gas components (Sandler 1989).

A.3 Evaluation of Enthalpies of Liquid Components

Based on the same standard state as stated in Section A.2, the enthalpies of liquid components can be computed by equation (A-10) following the thermodynamic paths in Figure A-2. The enthalpy of the liquid mixture is calculated by equation (A-11). The enthalpy of mixing is assumed neglible.
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where 
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 is the enthalpy of formation of gas species i at the standard state, 
[image: image9.wmf]i

c

H

D

 is the enthalpy change of condensation of species i at the standard state, 
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 is the enthalpy change of the liquid species i from the standard state to the state of interest, xi is the molar fraction of a component i in the liquid phase.
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FIGURE A - 2. Thermodynamic path to evaluate enthalpy of liquid components (Sandler 1989).

A.4 Henry’s Constants of Chlorine in Toluene and in Chlorinated Products

Henry’s constants for chlorine in toluene and chlorinated products of toluene, except for o-chlorotoluene, are determined based on published experimental data (Egunov et al. 1973). Henry's constant for chlorine in o-chlorotoluene was determined by simulating the absorption of chlorine in o-chlorotoluene using the software package ASPEN PLUS (Aspen Technology Inc., 1995). The Redlich-Kwong-Soave equation was employed as the thermodynamic model. The dependence of Henry’s constant on temperature correlated by the following equation:
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(A-12) 

where He0 is the pre-exponential factor and (Hs is the heat of solution. By plotting the logarithm of the Henry's constant with reciprocal of temperature, T, one can determine the parameters, He0 and (Hs, by linear regression.  These parameters are listed in Table A-9 and regression plots are shown in Figure A-3 to A-7. These correlations are valid for temperature up to the boiling points of these hydrocarbons. The Henry's constant is defined as the ratio of pressure of chlorine in Pa to the molar fraction of chlorine in the liquid phase when gas and liquid phase are in equilibrium.

Table A - 9. Parameters of Henry's constant of chlorine.

Solvent 
He0, Pa/(molar fraction)
(Hs,kJ/mol

Toleune
1.6344E+09
19.46165

o-chlootoluene
6.9435E+08
17.01467

benzyl chloride
5.3040E+08
16.47785

benzal chloride
8.2156E+08
17.65859

benzotrichloride
8.9087E+08
17.80654
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FIGURE A - 3. Henry’s constant of chlorine in toluene as function of temperature.

A.5 Henry’s Constants for Hydrogen Chloride in Toluene and in Chlorinated Products

Henry’s constants of hydrogen chloride in toluene and in chlorinated products were estimated by simulating the absorption of hydrogen chloride in these hydrocarbons with
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FIGURE A - 4. Henry’s constant of Chlorine in o-chlorotoluene function of temperature.
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FIGURE A - 5. Henry’s constant of chlorine in benzyl chloride as function of temperature.
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FIGURE A - 6. Henry’s constant of chlorine in benzal chloride as function of temperature.
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FIGURE A - 7. Henry’s constant of chlorine in benzotrichloride as a function of temperature.

software package ASPEN PLUS (Aspen Technology Inc., 1995). The Redlich- Kwong-Soave equation was employed as the thermodynamic model. Based on the composition of liquid phase and partial pressure of hydrogen chloride, we were able to determine the Henry’s constants. The dependence of the Henry's constant on temperature is the correlated with equation (A-12). The parameters of the Henry's constants of hydrogen chloride in toluene and chlorinated products are listed in Table A-10. These correlations are valid for temperature up to the boiling points of these hydrocarbons. The logarithms of Henry's constant with reciprocal of temperature are shown in Figure A-8 to A-12.

Table A - 10. Parameters of Henry's constant of hydrogen chloride

Solvent name
He0, Pa/(molar fraction)
Ea, kJ/mol

Toluene
4.2919E+08
11.8565

o-chlorotoluene
4.9094E+08
12.0861

benzyl chloride
5.0662E+08
12.1139

benzal chloride
3.8693E+08
11.3763

benzotrichloride
3.7922E+08
11.4845

The Henryy’s constant in a mixture is determined by the following equation.
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where xi and Hei are molar fraction of the hydrocarbons and Henry’s constant for gas species in the pure compounds.  
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FIGURE A - 8. Henry’s constant of hydrogen chloride in toluene as function of temperature.
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FIGURE A - 9. Henry’s constant of hydrogen chloride in o-chlorotoluene as function of temperature.
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FIGURE A - 10. Henry’s constant of hydrogen chloride in benzyl chloride as function of temperature.

[image: image22.wmf]y = -1368.3x + 19.774

R

2

 = 0.995

15

15.2

15.4

15.6

15.8

16

16.2

16.4

16.6

16.8

17

0.002

0.0022

0.0024

0.0026

0.0028

0.003

0.0032

0.0034

0.0036

1/T, 1/K

ln(He)

ln(He)

Linear (ln(He))


FIGURE A - 11. Henry’s constant of hydrogen chloride in benzal chloride as function of temperature.
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FIGURE A - 12. Henry’s constant of hydrogen chloride in benzotrichloride as function of temperature.

A.6 Diffusivity Estimation

A.6.1 Diffusivity of Binary Gas at Low Pressure
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(A-14)

where:

D12
= 
diffusivity, m2/s

Mi
=
molecular weight of component i

T
=
Temperature, K

P
=
system pressure, Pa

((i      =
group contribution values for diffusional volume of component i summed over atoms, groups and structural features as detailed in Table A-11.

1
=
diffusion species

2
=
concentrated species

TABLE A - 11. Diffusional Volumes for Equation (A-14) 

Atoms/species
(

C
16.5

H
1.98

Cl
19.5

Aromatic or Heterocyclic Rings
-20.2

Diffusional volume of Cl2
37.7

A.6.2 Diffusivity of a Component in a Multicomponent Gas Mixture
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where:

Dgim
=
diffusivity of component i in a multicomponent gas mixture, m2/s

Yi
=
mole fraction of component i

Dij
=
diffusivity of component i in the binary mixture ij, m2/s

i
=
diffusing component

j
=
other components of the mixture

A.6.3 Diffusivity of a Dilute Dissolved Gas in a Liquid
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Where:


D012
=
diffusivity, m2/s


M2
=
molecular weight of the solvent


T
=
temperature, K


(2
=
solvent viscosity, Pa.s


V1
=
solute molar volume at the normal boiling point, m3/kmol


(
=
solvent association parameter which was taken as 1 for toluene              

and chlorinated products 

 
1
=
diffusing gas


2
=
solvent

A.6.4 Diffusivity of Dilute Solute in a Nonaqueous Solvent
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where:

D012
=   diffusivity, m2/s

T
=   system temperature, K

2
=   solvent viscosity at the system temperature, Pa.s

Vi
=   molar volume of component i at the normal boiling point, m3/kmol

i
=   heat of vaporization of component i at the normal boiling point, 

J/kmol

1
=   diffusion species

2
=   solvent

A.7 Kinetic Data     

A.7.1 Reaction Rate Constants for Side-Chain Chlorination of Toluene

A reaction rate constant can usually be expressed by the Arrhenius equation as:
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The reported pseudo first order rate constants for side-chain chlorination of toluene (Haring and Knol 1964; Font and Ratcliffe 1972) were actually the products of the intrinsic rate constant and concentration of the chlorine free radical. When the reaction medium is well mixed, the selectivity parameters for the consecutive reactions, calculated from intrinsic rate constants should be the same as the ones obtained from the pseudo first order rate constants, that is:
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(A-19)
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where 
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From the experimental data in Table 3-1 and 3-2, one can calculate the selectivity parameters at different temperatures and plot the logarithm of the selectivity parameters against the reciprocal of absolute temperature as shown in Figures A-13 and A-14. The straight lines can then be drawn by least square regression with the aid of Microsoft Excel and the intercepts and slopes of these lines can be determined. Unfortunately, the fits are poor as evident from the low values of the regression coefficients (expecially in Figure A-14). 
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Figure A - 13. Plot of logarithm of selective parameters over reciprocal of temperature based on Haring and Knol’s experimental data (Haring and Knol 1964).
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Figure A - 14. Plot of logarithm of selective parameters over reciprocal of temperature based on Font and Ratcliffe’s experimental data ( Font and Ratcliffe 1972).

The ratio of frequency factors, S0i and the activation energy differences, (Ei, for the consecutive reactions can then be calculated from the values of the intercepts and slopes. The standard deviations for these parameters were computed by performing standard statistical calculations (Box, Hunter, and Hunter, 1978). The kinetic parameters obtained by the above procedure are listed in Table A-12.

TABLE A - 12. Kinetic parameters estimated from Haring et al and Font et al’s experimental data

Authors
Haring and Knol
Font and Ratcliffe

ln(S01)
0.181(0.035
1.327(0.188

ln(S02)
-0.288(0.063
0.388 (0.248

(E1,  kJ/mol
-5.035(0.099
-1.583(0.524

(E2,  kJ/mol
-6.339(0.177
-4.515(0.691

It can be seen from Table A-12 that the kinetic parameters calculated from the results of these two research groups are quite different from each other. By examining the experimental conditions that were used, we concluded that the liquid phase was better mixed in Font and Ratcliffe's than in Haring and Knol's system. Therefore, the values derived from Font and Ratcliffe’s results were used for kinetic parameter estimation in this study. The reaction rate constants for the consecutive reactions can then be expressed as:
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(A-27)

The kinetic rate constants determined by André et al (1983) are the only second order rate constants reported based on the free radical chain reaction mechanism. Unfortunately, they only measured these values at one temperature level. The value of k1 in equations (A-24) to (A-26) can be taken as the only unknown to be determined in such a way so as to match all the three second order reaction rate constants at 50ºC listed in Table 3-3 by finding the minimum of equation (A-27). The value of S01, S02, (E1, and (E2 from table A-12 are used. 
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k1 was calculated to be 0.99827(107.4. Thus, at 50(C:


k1(T=50(C)=
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       (A-29)

If either one of the values, k01 and Ea1, is known, the other value can be determined. Comparing our reaction system with other alkane chlorinations, we found that the chlorination of methane is similar to the side-chain chlorination of toluene. The International Union of Pure and Applied Chemistry (IUPAC) recommended activation energies for the following reactions:


[image: image40.wmf]   CH

4

HCl

+

+

Cl 

CH 

(A-30)

3


as 11.224 kJ/mol (Lide 1997). The activation energy value for reaction (A-30) is assumed to be the same as for the first chlorination of toluene on its side chain. Once this assumption is made, the other parameters for the reaction rate constants can be determined and are listed in Table A-13. Actually, the activation energy for the chlorination of toluene to methyl benzyl free radical is less than the activation energy for reaction (A-29). By examining the molecular structures between methane and toluene, we know that toluene is actually obtained by substituting one hydrogen in methane with the phenyl group. The phenyl substituent group increases the reactivity of hydrogen toward abstraction by radicals (Carey and Sundberg 1977). The relative reaction rates for free radical chlorination of methane to methyl free radical and toluene to methyl benzyl free radical are 1 and 290, respectively (Bartlett and Hiatt 1958).  The difference in reactivity reflects the bond-dissociation energies of C-H bonds, which are 104 kcal/mol for CH3-H and 85 kcal/mol for PhCH2-H (Zavitsas 1972).

TABLE A - 13. Estimated frequency factors and activation energies of side-chain chlorination of toluene

Parameters
first reaction
second reaction
third reaction

frequency factor, k0i
(l/mol.sec)
1.6352(109
4.3373(108
2.9431(108

Activation energy, Eai
(kJ/mol)
11.224
12.807
17.322

However, changing the value of the activation energy, Ea1, will not affect the selectivity to benzyl chloride if the reaction medium is well mixed since the selectivity parameters at given temperature are not changed for different values of Ea1. If the activation energy is taken as 5.612 kJ/mol, all the kinetic parameters have to be changed accordingly as listed in Table A-14.

TABLE A - 14. Estimated frequency factors and activation energies of side-chain chlorination of toluene by choosing lower value of activation energy, Ea1. 

Parameters
First reaction
second reaction
third reaction

frequency factor, k0I
(l/mol.sec)
2.0250(109
5.3711(108
3.6446(108

Activation energy, Eai
(kJ/mol)
5.612
7.195
11.710

Using the kinetic parameters in Table A-13 and A-14, we get the same selectivity to benzyl chloride at the same conversion of toluene in a reactive distillation column. The simulated results are shown in Figure A-15.
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FIGURE A - 15. The effect of activation energy, Ea1, on the selectivity to benzyl chloride in the reactive distillation column.   

If we estimate the kinetic parameters based on Haring and Knol's work, as listed in Table A-15, the calculated selectivity to benzyl chloride becomes slightly lower than when using the kinetic parameters estimated from Font and Ratcliffe's work. Figure A-16 shows the simulated performance of the reactive distillation column by using the kinetic constants estimated from these two research groups. Note that the estimated activation energies for the second and third reactions when using Haring and Knol's data are higher than when using Font and Ratcliffe's data. Increasing the activation energies for the last two reactions reduces the selectivity parameters when the temperature is increased.

TABLE A - 15. Estimated frequency factors and activation energies of side-chain chlorination of toluene based on Haring and Knol's studies. 

Parameters
First reaction
second reaction
Third reaction

frequency factor, k0i
(l/mol.sec)
1.6444(109
1.3721(109
1.8372(109

Activation energy, Eai
(kJ/mol)
11.224
16.259
22.597

A.7.2 Reaction Rate Constant for Nuclear Chlorination of Toluene 

One experiment was conducted in our reactive distillation column which was wrapped with aluminum foil to prevent the light from entering the column (see details in Chapter 5). A heating wire with input power of 30 watts was used to heat the column to compensate for its heat loss. Chlorine gas was fed into the third side tube from the bottom. The other operating conditions were the same as described in Chapter 5. After 
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FIGURE A - 16. Comparison of simulated column performances of the reactive distillation using the kinetic data estimated based on Font and Ratcliffe, and Haring and Knol's studies.  

one hour of reactive distillation in the absence of light, the liquid products in the reboiler were sampled for analysis. The results are listed in Table 4-8. The reaction rate constant for the chlorination of toluene in its aromatic ring was estimated from these results to be 7.795(10-4 (l/mol.sec) using our reaction model in Chapter 5. The column operating temperature is around 110(C. The simulation results are shown in Table A-16 for comparison.

TABLE A - 16. Composition of Liquid Products in Reboiler from Dark Reaction.  

Component name
toluene
o-chlorotoluene
benzyl chloride

Molar fraction (exp.)
0.9271
0.00596
0.0669

Molar fraction (sim.)
0.92708
0.005968
0.06695

Appendix B

Derivation of Rate Expressions for Free Radical Side-Chain Chlorination of Toluene

Based on the reaction mechanism represented by equations (3-4) to (3-10), we have the following rate expressions for toluene and the major side-chain chlorinated products:
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For the generated radicals, the rate expressions are described as follows:
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Assuming the pseudo-steady state for each free radical, we have
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Then we get
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By introducing (B-8) to (B-10) into (B-5) to (B-7), we have the following expressions for the rates of product formation,
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Appendix C

Estimation of Mass Transfer Coefficient and Gas Holdup in Bubble Column

C-1. Mass Transfer Coefficient of Gas Species in Liquid Phase

The mass transfer coefficients of gas species in the liquid phase were estimated by using Calderbank and Moo-Young's correlation (Calderbank and Moo-Young 1960) as follows. 
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(C-1)

where L and L are viscosity and density of the liquid. DL is the diffusivity of gas in the liquid. The liquid phase was assumed as pure toluene since it consists of less than 30 % of the liquid composition in the bubble column/sparged reactors. The physical properties are estimated using the correlation described in Appendix A. The diffusivities of chlorine and hydrogen chloride are estimated by using equation (A-15). Table C-1 lists the relevant properties and the mass transfer coefficient at 80 (C. 

TABLE C - 1. Properties of toluene and mass transfer coefficients of chlorine and hydrogen chloride at 80 (C.


Density, kg/m3
Viscosity, Ps.m

Toluene
811.4
3.164(10-4


Diffusivity, m2/sec
Mass transfer rate, m/sec

Chlorine
8.0725(10-9
9.4509(10-4

Hydrogen chloride
1.0236(10-8
1.0642(10-3

C-2. Estimation of Gas Holdup in Bubble Column

The correlations for estimating gas holdup in bubble columns are numerous. The following table summarizes some of the correlations and the estimated value of gas holdup by using these correlations when the bubble column is operated at 80(C and 1 atm. The liquid phase is toluene and the gas phase is chlorine. The superficial gas and liquid velocities are 10 cm/sec and 0.5 cm/sec, respectively. The property data are estimated by using correlations in Appendix A.

It can be seen from Table C-2 that the holdups estimated from different correlations. are different from each other Since the diameter of the industrial bubble column/sparger is identical to the column height, the holdup in this type of column would be lower than in the column with high ratio of height to diameter. Therefore, the estimated holdup data based on Hikita's correlation was used in model equations for the  bubble column reactor.

TABLE C - 2. Gas Holdup Correlations and Estimated Holdup in Bubble Column.

Author
Correlation
Estimated holdup

Kumar et al 1976

[image: image59.wmf]3

2

0975

.

0

485

.

0

728

.

0

U

U

U

g

+

-

=

e



 EMBED Equation.3  [image: image60.wmf]4

/

1

2

)

(

ú

û

ù

ê

ë

é

-

=

g

U

U

G

L

L

g

r

r

s

r


0.320

Bach and Pilhofer 1978
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Hikita et al 1980
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Reilly et al 1986

[image: image63.wmf]

 EMBED Equation.3  [image: image64.wmf]009

.

0

296

19

.

0

16

.

0

98

.

0

44

.

0

+

=

-

-

G

L

g

U

r

s

r

e


0.341

Appendix D

Algorithm to Solve Model Equations for Bubble Column/Sparged Reactor

The model equations for photo chlorination of toluene in bubble columns are a set of differential, algebraic, and integral equations for different flow patterns. The nature of model equations is summarized in Table D-1. Different algorithms have to be used to solve these model equations.

TABLE D - 1. Nature of Model Equations of Photo Chlorination of Toluene in Bubble Column

Flow pattern
Differential
Algebraic
Integral

m1
(
(
(

m2
(
(
(

m3
(
(
(

D-1 Solving Model equations for Plug Flow of Gas Phase and Wellmixedness of the Liquid Phase (m1)

In this flow pattern, the reactor is assumed to be operated at isothermal conditions. The heat of reaction is removed by using a cooling coil in the industrial reactor and reactor temperature is kept around 80 (C.  Since the total moles of chlorine and hydrogen chlorine are constant, the following overall mass balance for the gas species is satisfied:
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(D-1)

The left-hand side of equation (D-1) is a constant, which is determined by the boundary conditions. The second term on the right-hand side of the equation is a also constant because the liquid phase is well mixed. The overall molar concentration, cg, at position, (, has a fixed value under isothermal condition. Based on the summation constraint on the molar fraction in the vapor phase, the sum of molar fraction for chlorine and hydrogen chlorine can be derived as follows:
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The molar fraction of toluene in the vapor phase, y1(), is always at equilibrium with the molar fraction of toluene in the liquid phase which is constant throughout the reactor. Therefore, 
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, does not change along the column height. Under these conditions, the superficial gas velocity is constant if the gas phase is in plug flow.  

Equation (4-9) can be written as
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where
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An analytical solution to the differential equation (D-3) can be obtained as follows if the boundary condition (4-30) is applied.
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Substituting equation (D-6) into equation (4-8), we get
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where
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From equation (4-7), one can determine the molar fraction of chlorinated products if the reaction rate expressions (4-32) to (4-35) are inserted into equation (4-7).
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where 
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With the above developed equations, one can convert the differential-algebraic-integral equations into algebraic-integral equations, which are non-linear equations and can be solved numerically by using factored secant update with a finite-difference approximation to the Jacobian. The Fortran subroutine for this method is available, known as DNEQBF,  in IMSL library. The procedure to solve these equations is shown in Figure D-1.
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FIGURE D - 1. Procedure to solve non-linear equations converted from differential-algebraic-integral equations in flow pattern m1 in bubble column.

D-2 Solving Model Equations for both Gas and Liquid Phases are Wellmixed (m2)

The model equations for this flow patterns are algebraic-integral equations. The same procedure used in the previous section can be employed to solve these nonlinear equations, as shown in Figure D-2. 
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FIGURE D - 2. Procedure to solve non-linear equations with flow pattern m2 in bubble column.

D-3 Solving Model equations for Cocurrent Plug Flow of Gas Phase and Liquid Phase (m3)

The model equations for this flow pattern are differential-algebraic-integral equations and form an initial value problem. The equations were solved numerically by using a differential algebraic equation solver, LSODI. In order to get converged solutions, the initial derivatives to all the variables should be determined before the numerical integration. To obtained these derivatives, one has to convert all the algebraic equations, (4-11), (4-13), (4-14), into differential equations as follows
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The differential equations (4-24) to (4-29) and (D-14) to (D-16) are actual linear algebraic equations in terms of initial derivatives. Therefore, all the initial derivatives can be determined by using Newton-Jordan elimination method if all the initial variables are inserted into these equations. As long as the initial variables and derivatives are obtained, the differential-algebraic-integral equations can be integrated by using LSODI solver. However, the concentration profile of chlorine in the reactor should be predetermined before evaluating the concentration of chlorine free radical in 
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FIGURE D - 3. Procedure to solve model equations with flow pattern m3 in bubble column.

the reactor.  Since the photon radiation decays along its path, the photon radiation flux rate at the local site depends on the concentration of chlorine in the reactor where radiation ray passes through. To obtain the concentration profile of chlorine in the reactor, it is then required to guess the chlorine concentration profile in the bubble column. The profile is then updated by iteration until the last two profiles are matched. Therefore, an appropriate computational procedure to solve the model equations has to be employed and is illustrated in Figure D-3.

Appendix E

Derivation of Local Volumetric Rate of Energy Absorbed by Chlorine in Bubble Column Reactor 

In the bubble column reactor, the local volumetric rate of energy absorbed, as described by equation (4-40), can be expanded as:
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(E-1)

The first term on the right hand side of equation (E-1) is due to the energy absorption by chlorine, which was written as equation (4-40):
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(4-41)

where dVe is the micro volume of radiation source at point (SYMBOL 114 \f "Symbol",SYMBOL 113 \f "Symbol",SYMBOL 102 \f "Symbol"). In spherical coordinate, dVe has the following value:
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By substituting equation (E-2) into (4-40), we can get 
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where 
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The integration limits for SYMBOL 113 \f "Symbol" are:
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where z0 and zL are the coordinates of low and top end of the lamp.

The integration limits for SYMBOL 102 \f "Symbol" are :



[image: image130.wmf])

(

sin

1

2

1

r

r

L

-

=

=

-

f

f









(E-7)

For well mixedness of the liquid phase, the effective attenuation coefficient is a constant. The exponential term in equation (E-3) can be stated as :
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By substituting equations (E-4) to (E-8), we get equation (4-42).

Appendix F

Radiation in a Cylindrical Reflector with Elliptical Cross Section

F-1. Direct Radiation Flux

The coordinate system employed to evaluate the direct radiation is shown in Figure F-1. 
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FIGURE F - 1. Coordinates employed for calculation of direct radiation.

The limits for ( and ( in integral of Equation (5-3) are as follows:
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where, r is expressed as in equation (5-4).

F-2. Reflected Radiation Flux

The coordinates employed to evaluate the reflected radiation are shown in Figure F-2. To determine the limits for the integral of equation (5-18), one must take into account that the limiting rays are coming from the lamp and arriving to the point of reception I. The lamp emits radiation from a cylindrical volume bounded by plane A at the top and plane B at the bottom, and radius rL, as shown in Figure F-2. The following conditions have to be satisfied:

1. The rays must either be tangential to the cylindrical outer surface of the lamp volume or intercept the two circumferences at the ends of two planes A and B, that is,
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or
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2. They must be reflected on the elliptical surface according to reflection laws and finally arrive to point I.

To compute the integral given in equation (5-18), a coordinate transformation from ((,() to ((’, xR) was applied following Cerda et al. (1973).
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FIGURE F - 2. Coordinate employed for calculation of reflected radiation.
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where
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The relationships between coordinate system ((,() and ((’, XR) can be found elsewhere (Cenda, Irazoqui, and Cassano, 1973).


In the presence of the light sheet, some of the radiation is shielded. To evaluate the radiation flux to point I, the radiation coming from the view angle, (, should be taken into account, which is shown in Figure F-3. 
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FIGURE F - 3. Geometry for determination of view angle, (, and R,1 and R,2.

F-3. Photon Transmission Rates to the Distillation Column

To evaluate the photo transmission rate to the distillation column whose central line passes through a focal line of the reflector F2, the radiation in the direction normal to the distillation column wall is taken into account. It should be pointed out that this is only an approximation. To precisely evaluate the transmission rate one has to take into account the deflection of light at the inner and outer wall of the column. Such calculation is quite difficult since the photon radiation wave hits the column wall from all directions inside the elliptical reflector. Some of the light will be deflected into the column. Some of the light will be reflected. These effects add some uncertainty. Here, only the photon radiation in the direction normal to the column wall was considered. This information should provide a rough quantitative description of photon radiation that can be used for initiation of photo reaction.

The directed and reflected photon radiation flux in the direction normal to the distillation column can then be calculated as follows:

The direct radiation flux in the direction normal to the column wall is:
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where (nd is the angle formed between the direct radiation ray and the normal of the distillation column wall, whose value can be calculated as:
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where (F1 is the angle formed between line F1I’ and y-axis as shown in Figure F-4. 

The reflected radiation flux rate in the direction normal to the column wall is:
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whenr (nr is the angle formed between the reflected ray and the normal of the distillation column, whose value can be computed with Equation (F-12):
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The photon radiation in the direction of a view angle at point I', which is shown in Figure F-4, can enter the distillation column.

Therefore, the photon radiation rate to a specific section of the distillation column can then be calculated as follows:
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where rc is the diameter of the distillation column. Z1 and Z2 are the coordinates of the lower and upper ends of the specific section in the column.
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FIGURE F - 4. Geometry for determination of photo radiation flux in the direction normal to the column wall.

Parameter (, which is related to the photon radiation energy, in equation (F-9) and (F-11), can be replaced by (', which is related to the photon emission rate, as follows:
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One can calculate the photon flux rate from the direct and the reflected photon radiation by the following equations:
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The photon transmission rates to a specific section of the column can be calculated by the following equation:
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The photon radiation energy of the UV lamp is reported as a discrete form with respect to wavelength. The value of (' can the computed as:
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where Ev, lamp is the output power of the lamp at a specific wavelength, ; NA is the Avogadro constant; Ephoton is the energy is a photon with the wavelength, l; and VLamp is the volume of the lamp. The energy of the photon is expressed as:
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As stated in Section 5.1.10.2 the photon radiation in the wavelength from 285 nm to 495 can be effectively utilized to initiate the photo chlorination of toluene. Considering the radiation in that wavelength range, we can calculate the photon emission rate from the lamp and photon transmission rate to the packed zone, which is 395 mm long, in the distillation column. The results are shown in Table F-1. The spectral distribution of the lamp is shown in Figure 3-6. 

TABLE F - 1. Photon Transmission rates to the Packed zone in the Distillation Column.

Wavelength nm
Output power W
Photon emission rate Einstein/sec
Photon transmission rate Einstein/sec

289.4
1.6
3.871E-06
9.847E-07

295.7
4.3
1.063E-05
2.704E-06

302.5
7.2
1.821E-05
4.632E-06

313.0
13.2
3.454E-05
8.787E-06

334.1
2.4
6.703E-06
1.705E-06

366.0
25.6
7.832E-05
1.993E-05

404.5
11
3.719E-05
9.463E-06

435.8
20.2
7.359E-05
1.872E-05

sum

2.631E-04
6.692E-05

Appendix G

HETP Estimation in the Packed Distillation Column

The packed column was used in experimental studies in Chapter 5. An equilibrium compartment model was developed to simulate the reactive distillation column. A mass transfer model was employed to determine the number of compartments in the packing zone. The Bravo and Fair correlation (1982) was the most reliable one for predicting the height of a  mass transfer unit for the column with random packing (Kister, 1992).  This correlation is based on the two-film model, which accounts for resistance to mass transfer in both the vapor and liquid phases. 

In Bravo and Fair correlation, the mass transfer coefficients for vapor and liquid phases, kG and kL, were calculated by the following equations (Onda, Takeuchi, and Okumoto, 1968):
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where: has a value of 5.23 for packing greater than 15 mm in diameter and 2.0 for packing less than 15 mm in diameter.
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where:
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(c is the critical surface tension, and is 28(10-3 N/m for E-glass (Schrader and Leob, 1992).

The effective mass transfer area in the column is given by (Bravo and Fair,1982):
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where:
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The height of the transfer units (HTU) for each phase are calculated as
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The overall HTU is computed by


[image: image170.wmf]L

G

H

H

HTU

l

+

=








          (G-15)

where:
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and m is the slope of the equilibrium curve. G' and L' are molar flow rates of vapor and liquid in the column. 

The HETP (height equivalent of a theoretical plate) can be calculated by the following equation:
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HETP = HTU


for (=1

Table G-1 summarizes the operating conditions and the estimation of HETP for the packed column based on the toluene-benzyl chloride binary system. The vapor-liquid equilibrium (VLE) curve is shown in Figure G-1. The mole fraction of toluene is assumed to be 0.9 throughout the column. The liquid flow rate in the column was assumed to be the same as the reflux rates, 10 ml/min, from the condenser. The vapor flow rate was assumed to be equal to the sum of liquid flow rate and chlorine flow rate. The parameter sensitivity study with respect to the HETP is listed in Table G-2. The diffusivity of benzyl chloride in toluene, DG, is estimated by equation (A-13), DL, is estimated by equation (A-16).

Bravo and Fair (1982) statistically analyzed the reliability of their model. They concluded that multiplying an HETP calculated from their model by a safety factor of 1.6 will give 95 percent confidence that the column is not too short. According to MacDougall (1985), multiplying an HETP calculated from Bravo and Fair correlation by a safety factor of 1.3 will make the HETP more appropriate. The safety factor of 1.6 is used in this estimation in order to be more conservative. Therefore, the actual HETP is 0.116 m. Total number of compartments within the packing zone is equal to 3.40, which is determined by dividing the height of the packed zone, 0.395 m, by the HETP. The number of the compartments is then rounded up to 3.
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FIGURE G - 1. Vapor-liquid equilibrium curve of toluene in toluene-benzyl chloride binary system. 

TABLE G - 1. Summary of HETP Estimation in the Packed Column.

Column operating conditions
Temperature, °C
110


Pressure, Pa
1.121×105


Superficial liquid flow rate, m/s
3.535×10-4


Superficial vapor flow rate, m/s
8.928×10-2

Packing properties
Nominal diameter, Dp, m
4.970×10-3


Specific surface area, ap, 1/m
3.262×103


Critical surface tension, c, N/m
2.80×10-2

Liquid properties
Density, L, kg/m3
7.802×102


Viscosity, L, Pa.s
3.973×10-4


Surface tension, N/m
1.824×10-2

Intermediate 
Re'L
3.381

parameter
Re'G
97.80


FrL
4.156×10-6


WeL
1.638×10-5

TABLE G - 1. Summary of HETP Estimation in the Packed Column (continue)

Intermediate
aw/ap
0.371

parameter
ScL
28.93


ScG
0.128


CaL
4.846×10-6


ReG
5.868×102


kL, m/s
7.357×10-5


kG, m/s
6.751×10-2


m
0.150



0.157


HTU, m
3.920×10-2


HETP, m
7.260×10-2

However, the HETP varies with operating conditions. Table G-2 summaries the effects of the liquid flow rate and molar fraction of benzyl chloride on the HETP and the number of the compartment in the packed zone.

TABLE G - 2. Effect of liquid flow rates and molar fraction of benzyl chloride on the HETP and the number of the compartments in the packed zone.

Liquid flow rate,

ml/min
Molar fraction of benzyl chloride
HETP,

m
Number of the compartments

7
0.1
0.133
2.97

8
0.1
0.127
3.12

9
0.1
0.121
3.26

10
0.1
0.116
3.40

10
0.2
0.117
3.37

10
0.3
0.120
3.30

10
0.4
0.125
3.16

Appendix H

Estimation of Pressure Drop in the Packed Distillation Column

The pressure drop in the packed distillation column was estimated based on the generalized pressure drop correlation (GPDC) chart (Kister 1992). For this chart, the abscissa of the correlation is the flow parameter, which is given by
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where L and V are the mass flow rates of liquid and vapor; (L and (V are the densities of liquid and vapor. 

The ordinate of the correlation is the capacity parameter, given by


Capacity parameter = 
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where ( is the kinematic viscosity of the liquid. Cs is the C-factor, i.e., the superficial gas velocity correlated for vapor and liquid densities, given by
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where us is the superficial vapor velocity, ft/sec. 

Fp is the packing factor, which is an empirical factor characteristic of the packing size and shape. It is taken as 55 for Pall ring (Kister 1992) whose shape is similar to Raschig ring. 

When the distillation column is operated at the reflux rate of 10 ml/min and chlorine gas flow rates of 102 ml/min, the flow parameter and capacity parameter can then be determined. These values are listed in Table H-1 where the liquid mass flow rates are assumed the same as reflux rates and vapor flow rates are equal to the liquid flow rates plus chlorine flow rates.

TABLE H - 1. Parameters for Determine Pressure Drop in the Packed Distillation Column.

Liquid mass flow rates, kg/sec.
1.411(10-6

Vapor mass flow rates, kg/sec.
1.365E(10-4

Liquid density, kg/m3
780.24

Vapor density, kg/m3
3.24

Flow parameter, Flv
6.14325(10-2

Superficial vapor velocity, us, ft/sec
0.293

C-factor, Cs
1.892(10-2

Pressure drop, H2O/ft packing
0.05

The overall height of the packed zone is 395 mm (1.296 ft). Therefore the pressure drop can be estimated as 1613.94 Pa.
Appendix I

Estimation of Conversion of Chlorine in the Reactive Distillation Column

The conversion of chlorine can be estimated based on the total amount of chlorine fed to the system and the amount of chlorine reacted. The former one can be determined based on the chlorine flow rate, and the later one can be determined based on the total amount of chlorinated products generated during the reactive distillation process. From reaction stoichiometry, we know that it consume 1, 2 and 3 moles of chlorine are needed to produce one mole of mono-, bi-, and tri-chlorinated products, respectively.  The conversion of chlorine can be expressed by the following equation:
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where ni is the total moles of chlorinated product i generated in the reactive distillation column; nCl2 is the total moles of chlorine fed to the distillation column; (i is the stoichiometric ratio needed to produce one mole of the chlorinated product from toluene. To calculate the total moles of chlorinated products, one has to know the composition and holdup in each section of the reactive distillation column. However, only the liquid composition in the reboiler was directly measured in the experimental study. Therefore, the following assumptions are made in order to estimate chlorine conversion.

1) The chlorinated products in the vapor phase are neglected.

2) No hydrocarbons left the system during the reactive distillation process.

The liquid holdup in the packed zone is determined in section 5.1.9. The liquid composition in the packed zone is unknown. Two extreme cases were considered:  Extreme 1, the liquid composition in the packed zone is the same as in the reboiler;

Extreme2, the liquid composition in the packed zone consists of toluene only and the column temperature is 110 (C. The calculated conversion of chlorine is shown in Table I-1 and I-2. 

Within the experimental error, we can say that the conversion of toluene was essentially complete except perhaps in Run 4 and Run 6.

TABLE I - 1. Chlorine and liquid in the reactive distillation column in 4 hours


ml
mol

Chlorine fed to the system

1.001

Initial charge of toluene in the reboiler
130
1.220

Liquid sampled out from the reboiler
4
0.038

Liquid holdup in the packed zone
11.23
0.095

TABLE I - 2. Liquid composition and holdup in the reboiler, and conversion of chlorine in 4 hours of reaction in the reactive distillation column. 

Experimental No.
No.1
No.2
No.3
No.4
No.5
No.6


Toluene
0.385
0.220
0.207
0.223
0.208
0.245


o-chlorotoluene



0.006
0.013
0.025


benzyl chloride
0.389
0.584
0.642
0.741
0.702
0.705


benzal chloride
0.177
0.170
0.141
0.026
0.069
0.017


Benzotrichloride
0.049
0.027
0.009
0.004
0.008
0.008

Liquid molar holdup in reboiler under extreme 1
1.183

conversion of chlorine under extreme 1, %
105.09
118.60
112.53
95.78
103.61
93.17

Liquid molar holdup in reboiler under extreme 2
1.087

Conversion of chlorine under extreme 2, %
96.64
109.08
103.49
87.46
95.28
85.68

Appendix J

Estimation of Local Over-Chlorination near the Gas Inlet in Reactive Distillation Column

The local over-chlorination of toluene near the gas inlet in the reactive distillation column is estimated by making a heat balance with the following assumptions:

1. The distillation column is operated under adiabatic conditions.

2. The chlorination of toluene in the vapor phase is negligible because the reaction rates in the vapor phase are much lower than in the liquid phase based on the simulation results.

3. The chlorination of toluene to benzyl chloride is the only reaction taking place in the liquid phase. 

The following heat balance can then be derived by using the above assumptions.
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where 

mL --- amount of liquid in the packing zone;

mp --- amount of packing material in the packing zone ;

CpL --- heat capacity of the liquid;

Cpp --- heat capacity of packing; 

T ------ temperature;

t ------
 reaction time;

r ------
 reaction rate;

(H ---
enthalpy change of the reaction.

The reaction rate, r, can be determined by equation (J-1) if the temperature rising rate and property data are known. In the following calculation, the liquid phase is considered as a pure toluene, whose properties can be estimated from the data bank described in Appendix A.  The heat capacity of the quartz packing, is calculated as 1.831(105 J/kmol at 110 (C by interpolating published data (Lide 1997). The enthalpy change of the reaction for chlorination of toluene to benzyl chloride at 110 (C is calculated as 1.329(108 J/kmol from the available thermodynamic data. The amount of liquid and packing material in the column can be determined based on the liquid holdup and voidage in the column (as described in section 5.1.8 and 5.1.9). 

Appendix K

The Algorithm for Solution of Model Equations for Batch Reactive Distillation

The algorithm proposed by Cuille et al (1986) was used to solve the differential and algebraic equations (5-36) to (5-58). This algorithm consists of three computational phases: calculation of column profiles at total reflux, calculation of initial derivatives of the algebraic variables, and integration of the dynamic model equations.

The above differential and algebraic equations have the following form:
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where A is a square matrix, Y and G are vectors and t the independent variable (e.g. time). If the system contains at least one algebraic equation, the matrix A will be singular.

Before starting the integration of the equations, it is necessary to calculate a consistent set of initial values for all the variables of the system (for both algebraic and differential equations). However, when there are algebraic equations, the integration program (LSODI) is not able to calculate all the initial time derivatives because the A matrix is singular. If all the initial derivatives of the algebraic variables are set to zero, the integration of the equations fails to converge. Therefore, a special method has to be implemented to generate the initial values of derivatives, which can be described as follows.

Calculation of the initial values

Initially the column is operated at total reflux in a steady state and without any chemical reactions. The determination of the initial values is now equivalent to calculating this steady state, with the same assumptions as those used in the dynamic model. Under this condition, the holdup and the composition in each compartment are constants with time. The mass balance equations in compartment j are then reduced to 


Lj=Vj+1









(K-2)

and 
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With the known temperature and pressure in compartment 1, we can calculate the molar fractions of toluene and nitrogen in the liquid and vapor phase since initially the distillation column was operated at total reflux in the presence of nitrogen. Actually, any other inert gas can be used to maintain total reflux conditions. In our model equation calculation, hydrogen chloride, whose property data are available in our data bank, was actually employed. 

With known 
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 can be determined from equation (K-3). 
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 can be determined from a bubble-point calculations. Consequently, by proceeding from compartment-to-compartment alternating bubble-point calculations with use of the trivial equality 
[image: image184.wmf]i

j

i

j

y

x

1

+

=

, the column composition profiles, bubble temperatures, and vapor and liquid densities in each compartment can be calculated. The molar holdup in each compartment can then be determined since the volumetric holdup is specified. The total amount of toluene in the distillation system should be equal to the initial charge of toluene in the reboiler.

Once the composition profile along the column is known, the flow rates between the compartments can be calculated by using the steady state form of the heat balance equation (5-26), (5-34), and (5-42).

All the derivatives are equal to zero.

Calculation of the initial derivatives

 Now, the column operating conditions are switched from total reflux to a normal reactive distillation operation over a finite time interval. Mathematically, a polynomial forcing function is introduced:
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Chlorine is fed into the system at a value from zero to a finite value, Fj, over time interval t = -1 to 0, such as
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Over the time interval -1 to 0 second, the model equations are integrated with the cubic forcing function for Fj(t) inserted into the model. At time t = 0, appropriate values of all derivatives of the algebraic variables will have been calculated through the normal execution of the integrator, thus, the integration can be continued without interruption. In this way both the integration at t = -1 second (total reflux condition) and at t = 0 second (beginning of semi-batch reactive distillation) can be initiated without any numerical difficulties and without explicit estimates of the derivatives of the algebraic variables.

Integration of the dynamic model equations

The normal execution of the program , LSODI, will proceed through any reaction time t with the known initial variables and derivatives obtained in the previous steps.
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