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Chapter 5 

Photo Chlorination of Toluene in a Reactive Distillation Column

From our reaction model, developed in the previous chapter, we have learned that the selectivity to benzyl chloride decreases with the increase in conversion of toluene since benzyl chloride will react with chlorine further if benzyl chloride is not removed from the reactor. A series of bubble columns with chlorine fed into each column and hydrogen chloride removed while liquid flow through, small conversion of toluene per pass and an external recycle loop are required in order to achieve high selectivity to benzyl chloride. This small conversion of toluene and external separation and recycle are the main drawback of the current bubble column/sparged reactors in series. As an alternate to the current industrial process, the reactive distillation column has been proposed here as a reaction system in which photo reaction and distillation can be conducted simultaneously. 

We can readily deduce from equations (3-1) to (3-3) that if the monochlorinated product, benzyl chloride, is removed immediately from the reaction zone after it is formed, bi- and tri- side-chain chlorinated products will not be generated. Since toluene is much more volatile than its chlorinated products, the reaction products can be removed in-situ from the reaction zone by distillation. Benzyl chloride, the first chlorinated product from the consecutive reactions, will accumulate in the reboiler. In order to suppress the competitive reactions of ring chlorination, the photon radiation can be used to substantially promote consecutive reaction rates of the side-chain chlorination. The reaction rates for the competitive reactions of ring chlorination are then not enhanced since the chlorine molecules are dissociated into chlorine free radicals in the presence of light. The high selectivity to benzyl chloride at the high conversion of toluene is expected. 

In this chapter, a novel laboratory scale photo reactive distillation system featuring an efficient utilization of photo radiation and flexible operation by means of a reflector with elliptical cross-section is described. The radiation field inside the reflector, and photo transmission rates to the distillation column were evaluated. The chlorination of toluene in the developed system was experimentally investigated at various conditions. A reaction model for the semi-batch photo reactive distillation process has been developed. The comparison between experimental and simulation results are presented. 

5.1 Experimental Studies

5.1.1 Experimental Apparatus

The schematic diagram of the photo reactive distillation column operated in a semi-batch mode is illustrated in Figure 5-1. It consists of four components: the gas feed, the light emission and reflection system, the reactive distillation system, and the data acquisition system. In the gas feed system, nitrogen obtained from a cylinder (1) is of 99.998% purity and is fed at a pressure of 6 psig by means of a pressure regulator (2). The nitrogen stream passes through the oxygen trap (4) and moisture trap (5) where trace amounts of oxygen and water are removed, respectively. The gas flows through the rotameter (11) into the distillation column. The nitrogen gas serves three purposes. First, it is used for purging the system before and after the experiment. Second, it is utilized to speed up and to smooth the start up of the reactive distillation process by switching from nitrogen to chlorine. Finally, it can be employed as a dilution gas if chlorine gas needs to be diluted.  Liquid chlorine of 99.9 % purity is contained in a cylinder (7) and is fed as a gas at a pressure of 6 psig by means of a pressure regulator (8). The chlorine stream passes through the rotameter (11) and enters the distillation column. The flow rates of both gas streams are adjusted by a needle valve (10). The hydrocarbons carried by the gas stream at the top of the column are condensed and recycled back to the column by a condenser (31) where chilled water is circulated continuously by means of a water circulator (47). Hydrogen chloride and unreacted chlorine in the off gas stream from the condenser are absorbed in a scrubber (46) and the off gas is then vented to the atmosphere.

The light emission and reflection system consists of a reflector with an elliptical cross section (43), a tubular light source (42) and a ballast (45). The reflector is made of an
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FIGURE 5 - 1. Schematic of the photo reactive distillation column operated in a semi-batch mode.

aluminum sheet. The distance between the foci in the elliptical cross-section is 200 mm, with the length of the major axis of 400 mm. The vertical length of the reflector is 400 mm. The reflectance of aluminum is 0.912 (Scaiano 1989). The radiation source employed is either an ultra violet or a fluorescent lamp. The former one is a Honovia 679A0100, medium-pressure mercury-arc lamp. It is18 mm in diameter, 120 mm in arc length, and has 450 watts input power. The latter one is a GE F20T12/D, fluorescent lamp (Grainger, 1997). It has 20 watts input power, 20 inches nominal length, and is 1½ inches in diameter. If a reduced photo radiation is required, a light sheet (41) can be placed between the lamp and the distillation column to reject part of the radiation. Such a sheet is employed in the experimental studies when the radiation source is the ultra violet lamp. The sheet is perpendicular to both the horizontal cross section of the major reflector and major axis of the ellipse, and is inserted into the reflector symmetrically across the major axis, as shown in Figure 5-2. Normally, a rectangular aluminum foil is used as the sheet. It is as long as the reflector. Both ends of the sheet are located at the same level as the top and the bottom cross sections of the reflector. The distance between the sheet and the focal axis, where the lamp is located, is 62 mm. By changing the width of the sheet between 0 to 170 mm, one can adjust the light intensity to the distillation column from the highest value to zero.

The reactive distillation column (33) is made of a quartz tube that is 400 mm long and 24.5 mm in inner diameter. There are seven uniformly distributed side tubes  (23~29) along the length of the column. The gas streams can be fed into the column through
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FIGURE 5 - 2. Front and top views of the reflector assembled with a light sheet.

these tubes. The column was packed with quartz Raschig rings with an equal diameter and length of 5 mm. The voidage of the packed column was determined to be 64.5 % (see section 5.18). The overall height of the packing zone is 395 mm. At the bottom of the column there is a three-neck distillation flask or reboiler(36) which has the capacity of 250 ml. The reaction products is sampled through a Teflon valve (38). This valve is connected to the glass tube which is inserted into the liquid phase in the reboiler. The sample is cooled down through a heat exchanger (37) and flows into a sample vial (39). 

The data acquisition system consists of a computer, a data acquisition board (19), a multiplexer/signal conditioner (20), and ten thermocouples (21~30). The thermocouples are inserted into the distillation column at different positions from top to the reboiler. They are all isolated from the reaction medium by using a specially made glass capillary. The thermocouple tip is always placed at the centerline of the column except the one at the reboiler. In the packed zone, seven thermocouples are located at the same positions as the side tubes. The temperatures in the distillation column can be continuously sampled into the computer with the aid of commercial software, Control-CB (ComputerBoards, Inc. 1993).

The whole system, except the computer and data acquisition board, is placed in a ventilation hood to prevent personnel from possible exposure to toxic gas and vapors in case of abnormal operation of the system.

5.1.2 Experimental Procedures

The experiment begins by turning on the ventilation fan in the hood to maintain good air flow in the working area in case of leakage of toxic vapors. The distillation flask is then charged with a certain known amount of toluene and the system is checked for possible leaks by feeding nitrogen gas at positive pressure.  Nitrogen flows into the system continuously until reaction is initiated. The lamp is turned on for stabilization. The water circulator is turned on and the flow rate to the condenser is adjusted to an appropriate value. Whenever the outlet temperature of the stream from the condenser reaches around 4(C, the heating mantle is switched on to heat up the toluene in the distillation flask. If required, an appropriate power is applied to the heating wire, which is wrapped around the distillation column, to heat up the column or compensate for heat losses. The distillation operation in the presence of nitrogen begins as the toluene in the reboiler reaches the boiling point. This state of operation is maintained for half an hour. Then the gas feed is switched from nitrogen to chlorine and a semi-batch reactive distillation starts. The liquid in the reboiler is sampled every half an hour until reaction is finished. The reactive distillation operation is stopped by switching the gas feed from chlorine back to nitrogen. The whole system is cooled down by turning off the power supply to the heating mantle and the heating wire. The chilled water to the condenser and cooling water to the heat exchanger are switched off as the distillation column is cooled down to around ambient temperature. The nitrogen flow to the system is then stopped. All the liquid in the reboiler is drained out. One cycle of a semi-batch process is finished. The reaction samples collected during the run are analyzed by gas chromatography. During the operation, the column temperature profile is continuously monitored and recorded with the aid of a data acquisition system. The reflux rates from the condenser are frequently measured by counting the drop rates manually. The volume of each drop was calibrated before the experiment (details in section 5.1.4).

5.1.3 Rotameter Calibration

A rotameter, which is cataloged as FL-222 in Omega Engineering Inc.(1996), was used to measure the flow rate of gaseous chlorine during the reactive distillation. The rotameter was calibrated by a soap bubble flow meter. Nitrogen passes through the rotameter, and then to the bubble flow meter. The flow rates were determined by accurately measuring the time required for a given volume of the gas to pass through the meter. The calibration curve for the rotameter is shown in Figure 5-3. Chlorine and nitrogen are assumed to behave as ideal gases at low pressure.
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FIGURE 5 - 3. Calibration curve for the rotameter.

5.1.4 Measurement of Reflux Rates from the Condenser

The reflux rates from the condenser of the distillation column were measured by counting the number of liquid drops from the condenser for a given period of time. The volume of one drop was measured prior to experiments. The procedure for determining the drop volume consists of the following steps:

1) Place a 10-ml volumetric flask under the condenser.

2) Spray liquid toluene on the inner wall of the condenser from the top.

3) Count the number of drops needed to fill the flask.

Therefore, the volume of each drop can be determined by dividing the volume of the flask with the number of drops. The experimental data are listed in Table 5-1.

TABLE 5 - 1. Determination of drop volume

Flask volume

ml
Number of drops to fill the flask
Volume of one drop

ml

10
303
0.033

5.1.5 Evaluation of the Reboiler Heat Duty

The reaction medium in the reboiler was heated up by the heating mantle. The heat duty to the reboiler was measured by the following procedure. A certain amount of fresh toluene was charged into the reboiler. Toluene was heated up as the mantle was turned on. The time required for raising the toluene temperature from a low to a high value was recorded. The heat duty to the reboiler was determined as follows:
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(5 - 1)
where



m
=   amount of toluene charged in the reboiler, mol.


Cp(T)
=   heat capacity of toluene, J/mol.K. 


t
=   time required for heating up toluene from temperature T0 to T1.


T0
=   initial temperature of toluene, K.


T1
=   final temperature of toluene, K.

5.1.6 Calibration for the Power Supply to the Heating Wire

The power supply to the heating wire was accomplished by adjusting the output voltage from a transformer to the wire. Upon measuring the resistance of the heating wire and the output voltage of the transformer, the power to the wire can be determined by the following equation:
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where


R
=   resistance of the heating wire, 56.8 (. 


V
=   output voltage from the transformer, V. 

After measuring the output voltage at different settings of the transformer, the calibration curve was constructed as shown in Figure 5-4. 
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FIGURE 5 - 4. Calibration curve for power supply to the heating wire.

5.1.7 Analysis Method for Reaction Products

The reaction products from the reboiler of the distillation column were analyzed by gas chromatography (GC). The chromatograph used is the Varian model 3700, employing a flame ionization detector (FID). The reaction products were separated by a 12-ft long, 1/8" O.D. stainless steel column packed with 80-100 mesh Chromosorb W-HP support coated with 5% E-301. The response from the GC was detected by a PeakSimple Chromatography Data System (SRI Instruments 1995). The following conditions were selected: helium carrier gas flow rate, 20 ml/min; air flow rate, 300 ml/min; hydrogen gas flow rate, 30 ml/min; injector temperature, 170SYMBOL 176 \f "Symbol"C; detector temperature, 170SYMBOL 176 \f "Symbol"C; sample size, 1.0 SYMBOL 109 \f "Symbol"l. The gas chromatograph was operated in a temperature-programming mode. Initially the column temperature was kept at 120 SYMBOL 176 \f "Symbol"C for one minute. It was then heated up at a rate of 60SYMBOL 176 \f "Symbol"C per minute. The final column temperature was set at 170SYMBOL 176 \f "Symbol"C and was held for 2 minutes.

Peak areas normalization with the response factors method (Miller, 1988) was used to measure the composition of a mixture quantitatively. The response factors of benzyl chloride, benzal chloride, benzotrichloride, and 2-chlorotoluene with respect to toluene were determined by equation (5-3). 
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where wx and ws are the weights of the unknown  and a reference component, respectively. As and Ax are the peak areas of the reference and the unknown component, respectively. The response factor for each component with respect to the reference component was determined individually by measuring the values of peak areas for a known concentration of a binary mixture. Toluene was chosen as the reference component. The response factors for the pertinent components are listed in Table 5-2.

TABLE 5 - 2. Response Factors of Toluene and its Chlorinated Products

Components Name
Relative Response Factors

Toluene
1.000

o-chlorotoluene
1.156

Benzyl chloride
1.247

Benzal chloride
1.430

Benzotrichloride
1.593

The composition, in terms of weight percentage, of any reaction sample can then be determined by equation (5-4).
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FIGURE 5 - 5. Gas chromatogram of the mixture of toluene and chlorinated products.

In order to identify the correspondence of a chromatographic peak to a particular component in the sample, the retention time of the component was measured precisely. Figure 5-5 shows a gas chromatogram of the sample containing toluene and its chlorinated products. Sometime, reproducing the retention time precisely enough may be impossible. In such case, some of the relevant standard may be added to a portion of the mixture and the resultant mixture injected. The gas chromatograms of the sample-plus-standard will exhibit one peak emphasized with respect to the sample chromatogram, and thus identified.

5.1.8 Measurement of Voidage in the Distillation Column

The voidage in the distillation column was determined based on the total volume of the column and the volume of its packing material as:
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where Vtotal and Vpacking are the total volume of the distillation column and of the packing material, respectively. These volumes are calculated with following equations:
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where DI.D. is the inner diameter of the column; Lpacking is length of the packed zone; Wpacking is the mass of the packing material; (packing is the density of the packing material. All pertinent values are listed in Table 5-3. The voidage of the column was calculated to be 64.5 %.

TABLE 5 - 3. Values used in Determining Voidage of the Distillation Column

DI.D.
(mm)
Lpacking
(mm)
Wpacking
(g)
(packing
(g/cm3)

24.5
395
149.42
2.2628

The density of the packing material, Quartz Raschig rings, was determined as follows. Ten Raschig rings were randomly picked up from the package. The inner and outer diameters of these rings, and overall length of all ten rings were accurately measured with a vernier caliper whose accuracy is (0.01 mm. The weight of the rings was measured by means of an analytical balance with accuracy of (0.0001g. The density of the Quartz Raschig ring can then be calculated using the following equation:



 




          (5 - 8)
where dO.D. and dI.D. are the outer and inner mean diameters of the rings, respectively; Lrings is the overall length of ten rings in one group. Two random picks were made in the experiment. The measured values are listed in Table 5-4. The relative error of the density measured is 1.2 %.

5.1.9 Holdup Measurement in the Distillation Column

Two methods, direct and indirect, were employed to determine the holdup in the distillation column. The former one was used to measure the holdup in the packed zone and the latter one was used to measure the liquid and vapor holdup by utilizing the concept of an equilibrium compartment model for distillation.

TABLE 5 - 4. Dimensions, Mass, and Density of Quartz Raschig Rings

Group No.


Ring No.


dI.D.
(mm)
dO.D.
(mm)
Overall length

(mm)
Density

(g/cm3)

1
1
3.20
5.02




2
3.18
5.02




3
2.96
4.92




4
3.18
5.00




5
3.10
4.90




6
3.10
4.98
46.42
2.2361


7
3.10
4.90




8
3.10
4.92




9
3.12
4.98




10
2.98
4.88



mean
3.102
4.954



2
1
3.06
4.90




2
3.14
4.98




3
3.24
4.98




4
3.20
4.98




5
3.20
4.96




6
3.20
4.98
46.72
2.2895


7
3.22
5.00




8
3.24
5.00




9
3.14
4.98




10
3.10
4.90



mean
3.174
4.97

2.2628

5.1.9.1 Direct measurement

This method was used to measure the mass increment in the distillation column as the reaction component such as toluene undergoes distillation in the column. Two specially designed glass valves were placed at both ends of the packed column. The total mass of the packed column and of the valves was measured with a scale. Then the distillation column was assembled in the presence of the valves. The same amount of toluene as used in the normal reactive distillation operation was charged into the reboiler. The ordinary distillation in the presence of nitrogen gas was conducted under normal distillation conditions. Whenever the total reflux condition was reached, the valves at the bottom and top of the packed column were switched off simultaneously. The whole system was cooled down. The mass of the packed column with two valves attached was measured again. The mass difference from these two measurements is the total holdup in the packed zone. Four experiments were performed. The holdup values are listed in Table 5-5.

TABLE 5 - 5. Holdup in the Packed Column

Experiment No.
1
2
3
4

Holdup (g)
9.3
9.7
8.9
9.4

mean holdup (g)
9.3

Relative error (%)
- 0.3
4.0
- 4.6
0.8

The holdup obtained from the direct measurement includes liquid and vapor holdup. If the temperature profile along the packed column and the active volume were known, the liquid and vapor holdup can be estimated from the mass balance. However, the holdup in the condenser was not measured by this method because it is hard to get an accurate result. In order to obtain this datum an additional valve is required at the top of the condenser. The cooling water remaining in the condenser should always be the same in these measurements. Besides, water from the surrounding condensing on outer walls should be wiped away in order to minimize the measurement error. The relative error of the holdup determined by this method is less than 5 %.

5.1.9.2 Indirect Measurement 

This method was based on the composition change in the reboiler before and after the distillation operation. Initially, a certain amount of the known mixture of toluene and benzyl chloride was filled into the reboiler. The distillation column was then heated up to reach a normal distillation operation in the presence of nitrogen. The liquid sample in the reboiler was then taken out for analysis by gas chromatography. With this data, one can calculate the liquid and the vapor composition profile, as well as the temperature profile along the distillation column with the assumption that the distillation was operated at total reflux, which is reasonable in this case. The detailed procedures is described in section 5.2.1. The following equations for mass balances and holdup constraint hold:

Overall mass balance:










          (5 - 9)
Species mass balance:









        (5 - 10)
Holdup constraint in the condenser:
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Holdup constraint in the packed column:










        (5 - 12)
Holdup constraint in the reboiler:










        (5 - 13)
Here Aon represents the initial moles in the reboiler; AjL and AjV are the molar liquid and vapor holdup in compartment j, respectively. HjL and HjV are volumetric liquid and vapor holdup in compartment j, respectively. Vcondenser, VAct.Column, and Vreboiler are the active volume of the condenser, packed zone, and the reboiler, respectively. 

The condenser has a wavy inner surface. The distillation column is packed with Raschig rings. In order to estimate the liquid holdup in the condenser and the packed zone, we assume that the liquid holdup is proportional to the surface area. Therefore, the relation between liquid holdup in the condenser and in the packed zone can then be correlated by the following equation:


[image: image11.wmf]p

n

j

L

j

L

a

a

H

H

1

1

2

1

=

å

-

=









        (5 - 14)
where a1 is the total inner surface area of the condenser and ap is the total surface area in the packed zone. The total number of the compartments in the distillation system is 5, which is estimated in Appendix G. The volumetric holdup can be calculated by solving the linear algebraic equations (5-9) to (5-14). The pertinent parameters and results are listed in Table 5-6 to 5-8. 

TABLE 5 - 6. Liquid Volume and Compositions in the Reboiler


Volume

(ml)
Molar fraction of toluene
Molar fraction of benzyl chloride

Initial
130.0
0.5352
0.4648

Final
-
0.4905
0.5095

TABLE 5 - 7. Surface Area and Active Volume in the Distillation Column

Section name
Surface area, 

Cm2
Active volume, 

Ml

Condenser
189.0
89.2

Packed zone
2042.8
120.1

Reboiler
-
250.0

TABLE 5 - 8. Holdups in the Distillation Column Determined by Indirect Method

Compartment No.
Volumetric holdup

 ( ml )


Liquid
Vapor

1
1.04
88.16

2
3.74
36.29

3
3.74
36.29

4
3.74
36.29

5
133.78
116.22

If the liquid and vapor holdups are occupied by toluene, the total amount of the holdup in the packed zone can be determined. Therefore, the relative error between these two methods can be estimated. The results are shown in Table 5-9. It can be seen from Table 5-9 that these two methods are comparable. The relative error is less than 3.0 %. The holdup obtained from the indirect method is less than that from the direct method since two additional valves employed in the former method occupy some space where more liquid and vapor can be held.

TABLE 5 - 9. Comparison of Holdup Measurement by the Direct and the Indirect Methods


Overall holdup in the packed zone

 in terms of toluene mass, g 

Direct method
9.3

Indirect method
8.8

Mean
9.1

Relative error (%)
2.8

5.1.10 Radiation Field inside a Reflector with Elliptical Cross-Section

Our reflector with an elliptical cross section is one of the essential elements of the photo reactive distillation system. The distillation column and a tubular lamp are placed inside the reflector in such a way that their central lines pass through each of the foci of the elliptical reflector. The light emitted from the lamp can be effectively utilized with such an arrangement. Also uniform illumination is provided to the walls of the distillation column. In this section, a quantitative simulation of the radiation field inside the elliptical reflector and photo transmission rates to the distillation column in the presence of the ultra violet lamp are described.  These simulation results serve a primary purpose in aiding the experimental design. With this information, the experimental results can be better interpreted, and the simulation of photo chlorination of toluene in the distillation column can then become possible. 

The UV lamp employed in the experimental apparatus is a mercury arc lamp. The volumetric emission model for a lamp of finite spatial dimension ( Irazoqui et al., 1973) is the best representation for the lamp. By making use of this emission model and applying a reflection law, Cerda et al.’s (1973) developed a method to evaluate the radiation field inside an elliptical photoreflector. Their studies indicated that the calculated results could match the available experimental data better over other emmision source models. Therefore, the volumetric emission source model and Cerda et al.’s methodology were employed to evaluate the radiation field in this section.


5.1.10.1 Photo Radiation Flux inside the Elliptical Reflector

To evaluate the radiation field, the volumetric emission source model as described in chapter 4 and the following assumptions by Cerda et al. (1973) were used:

i. The reflector is a perfect elliptical cylinder.

ii. The central line of the lamp passes through one of the foci of the elliptical reflector.

iii. Specular reflection occurs with an average reflection coefficient that is independent of wavelength and direction.

iv. The medium of propagation inside the elliptical cylinder is transparent to radiation in the frequency range of interest.

v. The reflected radiation comes only from the elliptical reflector, that is, the top and bottom parts of the cylinder, which are partially open, do not reflect radiation.

vi. The radiation impinging at any point inside the elliptical cylinder is made up exclusively of two parts: direct and reflected radiation.

vii. The reflected radiation impinging at a point is mainly produced by the first reflection at the elliptical mirror. That is, successive reflections are neglected.

The direct radiation flux from the lamp to a specific point I is expressed as Equation     (5-15):







(5 - 15)
In which








(5 - 16)
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(5 - 17)
The reflected radiation flux from the lamp to point I is given by the following equation
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(5 - 18)
where (r is the reflection coefficient of the reflector.
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Detailed derivation of equations (5-15) and (5-18) can be found elsewhere (Cerda, Irazoqui, and Cassano 1973; Appendix F). The radiation flux at any point inside the reflector, in the absence of the distillation column and any other objects, is calculated numerically by applying the appropriate limits to the integrals in the above equations. The radiation fluxes in terms of normalized photon flux rate, i.e. relative to the highest total flux rate within the reflector, are plotted in Figures 5-6, 5-7, and 5-8, which represent direct, reflected, and total radiation, respectively.

FIGURE 5 - 6. Normalized photon flux rate profile from the direct radiation around the focus of the elliptical cross section of the reflector. 

[image: image14.wmf]
FIGURE 5 - 7. Normalized Photon flux rate profile from reflected radiation around the focus of the elliptical cross-section of the reflector.

[image: image15.wmf]
FIGURE 5 - 8. Normalized overall photon flux rate profile around the focus of the elliptical cross section of the reflector.

It can be seen from Figure 5-6 that direct radiation decays with the increase in the distance from the lamp to the point of interest. Direct radiation causes asymmetric distribution of the radiation around the reflector focus. Reflected radiation, which is shown in Figure 5-7, leads to a symmetric or an almost symmetric distribution of flux around the focus. The overall radiation flux, which is illustrated in Figure 5-8, demonstrates a similar radiation profile around the focus as reflected radiation since reflected radiation dominates the overall radiation. It is quite uniformly distributed around the focal axis where the highest radiation flux is located. Therefore, in order to make full use of light for the photo reaction, a tubular reactor, i.e. the reactive distillation column, should be placed along this focal line. The light can then enter the photo reactor from all directions.

The photon flux rate varies with the position in an elliptical cross section, which is shown in Figures 5-6 to 5-8, as well as with vertical position when the UV lamp is located at a fixed position. To examine the radiation flux rate profile along the vertical position, we chose two positions of the UV lamp shown in Figure 5-9 for illustration. The radiation flux rates along a particular vertical position through the major axis of 

the elliptical cross-section are shown in Figures 5-10 and 5-11, respectively. The origin of the x-y system is located at the focus of the elliptical cross-section at the bottom of the reflector. These curves in Figures 5-10 and 5-11 represent the radiation flux rates at different vertical positions. It can been seen from these two figures that the highest radiation flux rate corresponds to the position of the middle of the lamp (around 235 mm in Figure 5-10 and around 135 mm in Figure 5-11). The radiation flux rates decrease with the increase in distance from that point because of divergence of radiation along its solid angle. The radiation flux rate varies about 20 % to 25 % relative to the highest value when the lamp is placed (refer to Figure 5-9) at high and low positions, respectively.
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FIGURE 5 - 9. Two positions of the UV lamp are employed in evaluating the photon radiation inside the reflector with elliptical cross-section.

In the current experimental apparatus, a low photon intensity supply to the distillation column can be achieved by using a low-input-power lamp, shifting the distillation column away from the focus of the cylindrical elliptical reflector, or shielding part of the radiation from the lamp. The first method will generate difficulties in interpreting the experimental results later. The spectral distributions of lights are different from each other. Photo reaction rates vary with the wavelengths applied since they determine the
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FIGURE 5 - 10. Normalized photon flux rate along y-axis when the UV lamp is located at high position in the absence of light sheet.
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FIGURE 5 - 11. Normalized photon flux rate along y-axis when the UV lamp is located at low position in the absence of light sheet.

absorption rates of the reaction medium. The second strategy is not convenient in practice. The third method is employed in this study since the spectral distribution of the radiation is retained as the light intensity is changed. An aluminum sheet with the same length as the reflector is placed between the distillation column and the lamp to reject part of the photo radiation from the lamp.

In the presence of the light sheet, the radiation field diminishes. The direct, reflected, and overall radiation fields around the focus are illustrated in Figures 5-12, 13, and 14, respectively, when a 50 mm-wide aluminum sheet is used. The direct radiation could not reach the region around the focus in the presence of the light sheet (see Figure 5-12). The reflected radiation flux, which is shown in Figure 5-13, is reduced significantly, but 

[image: image19.wmf]
FIGURE 5 - 12. Normalized photon flux rate profile from direct radiation around the focus of the elliptical cross section of the reflector in the presence of light sheet 50 mm wide.

[image: image128.wmf]
FIGURE 5 - 13. Normalized photon flux rate profile from direct radiation around the focus of the elliptical cross section of the reflectorin the presence of light sheet 50 mm wide. 

[image: image20.wmf]
FIGURE 5 - 14. Normalized overall photon flux rate profile around the focus of the elliptical cross section of the reflector in the presence of light sheet 50 mm wide. 

its symmetry is retained under this condition.  The overall radiation profile shown in Figure 5-14 is similar to the reflected radiation one since the direct radiation is not significant compared with the reflected one. In the following experimental study, most of the runs are carried out by exposing the reactive distillation column in a radiation field with the aluminum shield that serves as the light sheet.

5.1.10.2 Photo Transmission Rates to the Distillation Column

Photon transmission rates are the numbers of photons that enter a photo reactor per unit time. They affect the reaction rates of photo induced reactions besides reaction temperature and concentrations of reactants. We have evaluated the transmission rates to the distillation column by taking into account the photo radiation in the direction normal to the column wall (Details are in Appendix F-3). The normalized photo transmission rates are shown in Figures 5-15 and 16, which correspond to the conditions when the UV lamp is located at high and low positions, respectively (refer to Figure 5-9). The curves in these two figures represent the photo transmission profiles along the distillation column when different widths, w, of the light sheet are employed. The distillation column was actually divided into sixteen sections along the column length. They are labeled as 1 to 16 from the top to the bottom. It is evident that the photo transmission rates increase and then decrease from sections 1 to 16. The section with the highest photon transmission rates corresponds to the one at the same axial position as the middle of the lamp. The photo transmission rates to all the sections decrease with 
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FIGURE 5 - 15. Normalized photon transmission rates to the sections of the distillation column when the UV lamp is located at high position.
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FIGURE 5 - 16. Normalized photon transmission rates to the sections of the distillation column when the UV lamp is located at low position.

increase in the width of the light sheet. Their values can be reduced by more than 97 % relative to the highest rates by using a 300 mm-wide sheet. Therefore, photo transmission rates into the distillation column can be adjusted by changing the width of the light sheet in an existing elliptical photo reaction system without further modification. The spectral distribution will not be affected since the same radiation source is used.

It will be shown later that most experiments in the photo reactive distillation column in the presence of ultra violet lamp were performed by using the light sheet 50 mm wide. At such condition, the actual photo transmission rate to the distillation column can be evaluated by knowing the spectral distribution of the UV lamp, which is illustrated in Figure 4-3. The UV lamp is a polychromatic light source. The cut-off wavelength for toluene is 283 nm (Reichardt 1988). The wavelength beyond 495 nm does not have sufficient energy to break a single bond in a chlorine molecule (Lide 1997). Therefore, only photon radiation in the wavelength range from 283 to 495 nm can be effectively utilized for the photo chlorination. The total photon emission rate in that wavelength range is 2.631(10-4 Einstein/sec. The actual photon transmission rates to the entire packed zone, which is 395 mm long, is calculated to be 6.692(10-5 Einstein/sec (Details in Appendix F-3). About 25.44 % of the photons emitted from the lamp could enter the packed zone to initiate the photo radical reactions. 

It should be pointed out that the validation of the calculated photon transmission rates should be verified through experimental studies. The photo transmission rates to each section of the column can be measured by using an actinometer. There are two kinds of actinometers available, a physical device and a chemical system. The physical devices have been divided by Taylor and Demas (1979) into two broad classes, thermal detectors and quantum counters. The thermal detectors are operated by converting the incident photons into heat and then measuring the heat released. The photon energy depends on wavelength, E = hc/. A thermal detector can therefore only be used to determine the flux of photons whose wavelength (for monochromatic radiation) or wavelength versus intensity distribution (for polychromatic radiation) is known.

The quantum counter is a device that can respond specifically to the number of photons that hit the detector. The standard substance used as a quantum counter is the dye Rhodamine B. Rhodamine B is a strongly fluorescing dye whose fluorescent intensity is independent of wavelength for 220 < < 600 nm as calibrated against a thermopile. The operating principle of the Rhodamine B counter is as follows: the light beam falls upon an optically opaque solution of Rhodamine B or other suitable dyes. The Rhodamine fluorescence that is induced is detected using a photomultiplier, preferably from the rear face of the solution. The quantum counter must be calibrated against a thermal detector because a photomultiplier tube does not record an absolute light intensity. 

The chemical actinometers use a chemical solution where the quantum yield of the photoreaction, induced by the photo radiation, is known. A considerable problem in using chemical actinometers is the lack of consensus on what is the "best" solution for the system (Scaiano 1989). The following points must be considered in practice:

Is the quantum yield wavelength dependent?

Is the quantum yield temperature dependent?

Is the quantum yield dependent on the reactant concentration?

Is the quantum yield affected by the presence of trace impurities?

How reliably known is the quantum yield?

The chemical substances used in the actinometer system include potassium ferrioxalate (Demas 1983; Weber 1976), uranyl oxalate (Demas 1983), potassium reineckate (Birch and Imhof 1981), azobenzene and derivatives, azoxybenzene and derivatives, heterocyclinc fulgides, aromatic endoperoxides etc. (Scaiano 1989).

Currently, these actinometers are not available in our laboratory. It takes time to set up these actinometer systems. A special reactor has to be designed so that it has the same geometry as the reactive distillation column. Due to the time limit of this research and the focus of the study, the experimental study in verification of the calculated photon transmission rates was not performed. However, previous studies (Irazoqui, Cerda, and Cassano 1973) showed that the simulation results of the radiation profile agreed with experimental results very well when the volumetric emission source model is used for the UV lamp. Our simulation results should provide a fair approximation to the actual value. On the other hand, even if the photo transmission rates to the distillation column were accurately measured, the actual photons absorbed by chlorine would still be unknown because significant reflection and deflection would occur in the packed distillation column. The actual photon absorption rate can only be estimated by performing the reactive distillation simulation, as illustrated later. 

5.1.11 Experimental Results and Discussion

The experimental studies conducted in the developed photo reactive distillation system are presented in this section. A sequential evolutionary method was used for experimental design so that the optimum operating conditions can be determined by running a minimum number of experiments. Through these experiments, the chlorination of toluene involving both consecutive and competitive reactions was investigated. The effects of heat duty to the reboiler, radiation sources, and locations of chlorine gas inlet and UV lamp on the performance of the reactive distillation column operated in a semi-batch mode were examined.  

5.1.11.1 Photo Reactive Distillation in the Presence of UV light

The UV light has been proven an effective means for initiation of photo reactions. It provides a photo radiation in the short wavelength range and at high energy level. After absorbing sufficient energy from radiation, chlorine molecules can dissociate into chlorine free radicals. The free radical reactions of the side-chain of toluene then proceed at a higher rate than at conventional thermal conditions. The undesired competitive reactions of ring chlorination can be inhibited. Therefore, the UV lamp was first utilized as a radiation source in this experimental study.

As described earlier, the UV lamp used in this reaction system is shorter than the distillation column and the reflector. The shifting of the lamp along its axis, which is the focus line of the reflector, results in different photo transmission rates to the same section of the column. Besides the photo radiation, the UV lamp generates significant amount of heat that is transferred to the distillation column where the fluid dynamic and phase equilibrium states are influenced by the additional heating. Therefore, the location of the lamp is expected to have an impact on the column performance from both reaction and separation aspects. To evaluate this effect, the UV lamp was set at two positions, as shown in Figure 5-9.

The location of the chlorine gas inlet is another factor that could affect the performance of the reactive distillation column. The lower position of the gas inlet results in longer residence time of chlorine. As long as gas flows into the column from its side tube some of the chlorine molecules react with toluene and its partially chlorinated products in the vapor phase. The unreacted chlorine flows upward to the condenser on the top of the column and eventually leaves the reaction system. On the way to the top, some of the chlorine molecules dissolve into the liquid phase. This absorbed chlorine reacts with toluene and its partially chlorinated products in the liquid phase. The unreacted chlorine carried by the liquid components flows towards the reboiler at the bottom. Some of chlorine molecules could be desorbed in the high temperature region near the bottom. The vapor phase reactions could possibly occur in the region below the gas inlet. Therefore, different column performance is expected as chlorine gas enters the column at different locations.

The heat duty to the reboiler determines the vapor and liquid flow rates inside the column, which in turn affects the flow regimes in the packed distillation column as well as its efficiency.  

In order to evaluate these effects, three configurations based on the positions of the UV lamp and the gas inlet, as illustrated in Figure 5-17, were employed in the following experimental studies. Chlorine gas was fed into the column from the third side tube from the top in configuration 1 and 3, while chlorine entered from the last side tube from the bottom in configuration 2. The UV lamp is located at the upper position in configuration 1, and in low position in configuration 2 and 3.  Two levels of heat duties, 29.7 and 33.4 W, to the reboiler were selected under configuration 2. 

Four experiments have been conducted in a semi-batch mode. Initially, the reboiler was charged with 130 ml toluene. Chlorine was fed into the column through a side tube at a flow rate of 102 ml/min in each run. Other reaction conditions are listed in Table 5-10.  A 50 mm wide aluminum sheet (except 100 mm for run No.2) was used as a light sheet to reduce the photo radiation flux rates from the lamp. Under this condition, around 25.4 % of the light emitted from the lamp will enter the distillation column based on the calculated photon transmission rate (Details in Appendix F-3). The experiments were run in order as numbered from1 to 4 in Table 5-10.
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FIGURE 5 - 17. Three configurations employed in conducting the chlorination of toluene in the reactive distillation column (all indicated lengths are in millimeters).
TABLE 5 - 10. Reaction conditions for the photo chlorination of toluene in the reactive distillation column in the presence of UV lamp.

PRIVATE
Experiment runs
Configuration
Temperature in condenser ((C)
heat duty of reboiler

( W )

No.1
2
18
29.7

No.2
2
18
33.4

No.3 
1
18
33.4

No.4
3
18
33.4

The performance of a reactive distillation column, in terms of the selectivity to benzyl chloride versus conversion of toluene, was evaluated based on the liquid composition in the reboiler. The selectivity versus conversion of toluene for these experiments is plotted in Figure 5-18. It can be seen from these curves that the column performance at high level of heat duty for configuration 2 (Experiment No. 2) is better than that at low heat duty (experiment No.1). Such improvement is attributed to the enhancement of column efficiency. As the heat duty to the reboiler is increased, the evaporation rates in the reboiler are raised, which in turn results in the increase of gas and liquid flow rates in the column. Such an increment in flow rates was observed indirectly by the increase of reflux rates from the condenser, as shown in Figure 5-19. The gas and liquid flow rates determine the flow regimes and affect column efficiency, which can be represented by the height equivalent of a theoretical plate (HETP) for a packed column. The higher the HETP the lower the column efficiency.

In a typical packed column, four flow regimes, which are turndown maldistribution, preloading, loading, and flooding, can be identified according to Kister (1992). The solid line in Figure 5-20 illustrates a typical variation in column efficiency (i.e. HETP) as the gas flow rate is raised at a constant L/V ratio (i.e., liquid rate increases with the gas rate). To the left of point A in Figure 5-20 is the turndown maldistribution regime. Upon turndown from normal operating rates, a point is reached where efficiency drops because either the distributor or the packing reaches a turndown limit. At low liquid rates, irrigation to the bed is poor, giving poor efficiency. When liquid remains well-distributed 
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FIGURE 5 - 18. Selectivity to benzyl chloride versus conversion of toluene in the presence of UV light.
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FIGURE 5 - 19. Reflux rates from the condenser to the distillation column for photo chlorination of toluene using UV lamp.

in the column upon turndown, point A represents the minimum wetting rate of the packing. Below minimum wetting the falling liquid film breaks up, some of the packing surface remains dry, and the efficiency drops. 
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FIGURE 5 - 20. Typical efficiency characteristics of packed columns.

Region A-B in Figure 5-20 indicates the preloading regime in which turbulent liquid films, good wetting of the packing, good mass transfer, and essentially constant efficiency are normally observed. 

Raising the gas velocity past point B moves the column operation into the loading regime. Initially, efficiency improves because of the greater liquid holdup (region B-E), but this improvement is short-lived. As the flooding point is approached, the efficiency passes through the maximum (point E), and then drops (region E-C) due to the excessive liquid entrainment.

As gas rate increases further beyond point C, more liquid accumulates, until the liquid surface becomes continuous across the top of the packing. The column is then essentially converted into a "bubble column". The packed column falls into the flooding regime. Instability, entrainment, and poor efficiency are the characteristics of this regime.

If the liquid distribution is very poor in the column, it will take more liquid to wet the entire bed. Point A may never be observed, and the efficiency curve will have no flat region at all. Instead, it will follow a dash-dot line in Figure 5-20. The efficiency increases with the flow rates in such a situation. This kind of efficiency curve probably represents the operating conditions in our laboratory scale column. In our experiments the distillation column was packed with random packing, Raschig rings. There is no distributor or redistributor in the small column. The liquid likely flows unevenly throughout the column and tend to flow to the wall. This kind of maldistribuation is commonly observed in packed columns. Using water as a liquid and different packings, Hoek (1983) measured the liquid distribution profiles in a packed-bed column. The inner diameter of the column was 20 inches and packed zone was 6 feet high. The outer distributor nozzle was located about 1.5 inches from the wall. A typical liquid distribution profile is shown in Figure 5-21.  The liquid flow rates varied along the column. A tendency of liquid to flow toward the wall can be observed in this figure. The
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FIGURE 5 - 21. Liquid spread profile in a packed column (20-in-ID column, packed with 6 ft of 2-in-Pall rings, water study) measured by Hoek in 1983.

liquid flow rate near the wall increased from the top to the bottom. The tendency of the liquid to flow toward the walls of packed columns is a fundamental phenomenon associated with packed-column hydraulics. The development of wall flow in the column by using different flow rate was further examined by Hoek (1983).  Figure 5-22 

[image: image27.wmf]
FIGURE 5 - 22. Fraction of flow in the wall region of a packed column (a) Effect of liquid rate and packing size. (20-in-ID column, water study) measured by Hoek (1983).

illustrates the wall flow profile along the column. In these experiments, "wall flow" was defined as the flow in the outer ring of the column. The outer ring accounted for 16 percent of the cross-sectional area of the column. It can be seen from Figure 5-22 that wall flow is more of a concern at low flow rates than at high flow rates.  These experiments also indicated that wall flow is more severe when using large packing than with small packing, as shown in Figure 5-22 and 5-23. In a small column, the use of large packing causes a low ratio of column diameter to packing diameter. To improve the liquid distribution it is therefore recommended to design for a ratio of column diameter to packing diameter of at least 10 (Port 1968; Groenholf 1977; Billet 1979; Eckert 1979; Fair et al. 1984). However, in our reaction system the ratio of the column diameter to the packing diameter is less than 5. Liquid maldistribution could be very significant especially at low liquid flow rates. Toluene and its reaction products may not be separated very well at such low flow rates. For that reason poorer performance of the column was observed at lower heat duty when gas and liquid flow rates are lower.

[image: image28.wmf]
FIGURE 5 - 23. Fraction of flow in the wall region of a packed column. (b) Effect of packing type and size (20-in-ID column, water study) measured by Hoek (1983).

Raising the heat duty also increases the flow rate of toluene since toluene is more volatile than chlorinated products. Higher ratio of toluene to chlorine in the reaction zone is obtained so that the improved selectivity to the first chlorinated product can be achieved. In the reactive distillation column, reaction and distillation are carried out simultaneously in the reaction zone. The liquid phase is generally at the boiling point of the mixture. In ideal distillation conditions, each species is distributed along the column according to the phase equilibrium relationship. The heavy components go down to the bottom. The column temperature increases from the top to the bottom. The local temperature reflects the local composition in both phases. In the current reaction system, chlorinated products have higher boiling points than toluene. The normal boiling points of these species are 110.6(, 151.2(, 179.4(, 213.9(, and 213.5(C for toluene, o-chlorotoluene, benzyl chloride, benzal chloride, and benzotrichloride, respectively (Daubert and Danner 1993; AIChE 1994). The reactants and products are separated via distillation. If the reaction rates were smaller than or equal to the separation rates, the column temperature profile would be the same as one under ideal distillation conditions. Otherwise, reaction products as heavy components would accumulate in the reaction zone. The local temperature would rise abnormally, which is called a hot spot. In experiments No.1 and No.2, such hot spots were observed at the chlorine gas inlet as shown in Figure 5-24. The chlorine gas inlet is located at the same position as thermocouple 9. 
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FIGURE 5 - 24. Temperature profile along the distillation column after one hour of reaction (UV lamp as a radiation source).

The hot spots may be caused by the local over-chlorination reaction at the gas inlet. The local over-chlorination is defined as the excessive chlorination reaction at the local site where ideal reactive distillation should have experienced. Since all the chlorination reactions are exothermic, the heat of reactions would cause the temperature rise of the reaction medium and packing material. The extent of local over-chlorination reactions can be estimated based on energy balance or mass balance near the gas inlet. However, the vapor and liquid compositions within the packed zone were not measured due to technical difficulties and such information can not be retrieved from current available experimental data. This prevents us from setting exact energy balance for the zone of the column containing the gas inlet. In order to make a rough estimation of the extent of local over-chlorination, we assume that the section near the gas inlet consists of pure toluene and packing material and only the first chlorination reaction of toluene to benzyl chloride is considered. The extent of local over-chlorination can then be estimated (details in Appendix J). Figure 5-25 shows the percentage of over-chlorination of toluene to benzyl chloride with respect to the chlorine feed rates versus local temperature rise in one hour of reaction near the gas inlet with various section heights, Hs, over which the stirred tank balance is made. It can be seen from the figure that the local over-chlorination rates are proportional to the temperature rise and section height.  The local temperature rises near gas inlet for these four experiments are listed in Table 5-11. The highest temperature rise among them was observed as 25 K in experiment No.1. From Figure 5-25, we can find that the local over-chlorination of toluene only accounts for less than 2 percent of chlorine feeding rates for the section length up to 5 cm.  The distance between two thermocouples is 5 cm. Therefore, the contribution of local over-chlorination of toluene to the local temperature rise is not significant. The local temperature rise is mainly attributes to relatively lower mass transfer rates, which cause the accumulation of heavy components in that region. In distillation column, each region reaches the boiling point of the liquid. Local higher temperature implies higher portion of heavy components in that region. As long as the heavy components, which are chlorinated products generated from the reaction in this system, stay in that region, the temperature rises would be expected.

[image: image30.wmf]0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0

5

10

15

20

25

30

Temperature rise in one hour, K

Ratio of over chlorination of toluene to 

benzyl chloride to Cl2 feed rates, %

Hs = 1 cm

Hs = 2 cm

Hs = 3 cm

Hs = 4 cm

Hs = 5 cm


FIGURE 5 - 25. Ratio of local over chlorination reaction rate of toluene to benzyl chloride to chlorine feeding rates as function of local temperature rise and local section height, Hs, in reactive distillation column. 

TABLE 5 - 11. Temperature Rise in One Hour of Reaction at Gas Inlet in Reactive Distillation Column

Experimental Run
No.1
No.2
No.3
No.4

Temperature rise, K
25.5
12.8
8.8
1.5

Increasing the flow rates improves the mixing in the distillation column. Therefore, the reaction products generated locally can be more efficiently removed from the reaction zone and phase equilibrium can be approached. The increase in mixing at the chlorine inlet reduces the molar fractions of the chlorinated products in that region. Therefore, lower temperature was observed at the higher heat duty than at lower heat duty to the reboiler, which is shown in Figure 5-24. From kinetic parameter estimation for the side-chain chlorination of toluene, we know that the activation energies for the second and third reactions are higher than the first one. The lower the temperature the higher the selectivity to benzyl chloride. Therefore, higher selectivity to benzyl chloride was obtained under the reduced temperature. The reaction conditions in experiment No.2 are better than the conditions in experiment No.1.

As the chlorine inlet was shifted from the low position in the distillation column for experiment No. 2 to the upper one for experiment No.3, the selectivity to benzyl chloride increased, too. There are three reasons for this enhancement in selectivity. First, the more volatile components, such as toluene, are enriched in the upper part of the column. During these two experimental runs, about the same reflux rates from the condenser were observed, as shown in Figure 5-19. At the same flow rate of chlorine, the molar ratio of toluene to chlorine was higher in the upper part than that in the lower part of the column. The increase of this ratio benefits the production of the first chlorinated product, benzyl chloride. Second, the temperature in the upper part of the column is always lower than that in the lower part. Because of the adverse effect of temperature on the selectivity as discussed above, a higher selectivity to benzyl chloride was achieved at lower temperatures. Finally, some heat was transferred from the UV lamp and the reactive distillation column was actually being heated by the lamp. Based on our simulation results that will be described in the next section, the vapor and liquid flow rates in the upper part of the column were higher than in the lower part. More efficient distillation operation would occur in the upper part than in the lower part of the column. The reaction products generated in the upper part can be more efficiently removed from the reaction zone than in the lower part, which was confirmed by experimental studies. The temperature rise was lower in experiment No. 3 than No. 2 (see Figure 5-24). The locations of the gas inlet are at the same positions as thermocouples 5 and 9 in experiment No.3 and No.2. The solubility of chlorine decreases with temperature. Therefore, chlorine is enriched in the upper part of the column. Most of the chlorination may take place in the upper part of the column or near the gas inlet. The experimental results indicate that about the same reaction rates for the chlorination of toluene were achieved in these two experiments. Figure 5-26 shows about the same slopes of conversion of toluene with time. Under such circumstances, the higher efficiency operation around or above the gas inlet would result in better selectivity to benzyl chloride, which is the case in experiment No.3. 

When the reaction zone was kept at the same position, which was in the upper part for experiments No. 3 and 4, better performance was obtained when the lamp was moved to the low position. This could be due to the relatively lower local over-chlorination of toluene under low light intensity in the upper part of the column. Shifting of the lamp from the high to the low position reduces the photo transmission rates to the upper part of the column, which is shown in Figures 5-15 and 16. The lower the photon transmission rates, the lower the rates of photon induced reactions, the better the mixing between chlorine and hydrocarbons in the system before reaction. The higher
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FIGURE 5 - 26. Conversion of toluene with reaction time for the chlorination of toluene in the photo reactive distillation column by using UV lamp.

selectivity in experiment No. 4 than in No. 3 could also be attributed to enhancement in column efficiency. When the UV lamp was located at the lower position in experiment No. 4, more heat was transferred from the lamp to the lower part than to the upper part of the column to heat up the packed zone. The inverse situation was encountered in experiment No. 3. The overall gas and liquid flow rates are higher in experiment No.4 than in experiment No.3, which was confirmed by the simulation results in the next section. The column efficiency was increased with the flow rates. Additionally, more toluene vapor reaches the reaction zone in experiment No. 4 than in No. 3. Higher selectivity to benzyl chloride was achieved in experiment No. 4 than in No.3. No significant local temperature rise, as shown in Figure 5-24, was observed in the last experiment where the chlorine gas entered the column at the position of thermocouple 5.

The best performance among these four experiments was obtained by using configuration 3 for experiment 4. The selectivity to benzyl chloride remained at around 96 % for the conversion of toluene of up to 78%.
5.1.11.2 Photo Reactive Distillation in the Presence of Visible Light

In this section, photo chlorination of toluene in the reactive distillation column by using a fluorescent lamp is described. The fluorescent lamp is a conventional visible light. It generates the photo radiation in the range from 350 to 700 nm in wavelength. The electromagnetic radiation in the wavelength less than 495 nm can be used to induce the cleavage of the single bond of chlorine molecule into chlorine free radicals based on the first principle of chemistry. The free radical reaction of the toluene methyl group can proceed. Haring et al (1964) experimentally demonstrated the possibility of using a visible light as a photo radiation source for this reaction conducted in a bubble column reactor. We wanted to evaluate the column performance by utilizing the low-input-power (20 W) fluorescent lamp instead of the high-input-power UV lamp (450 W). Therefore, the local overall chlorination reactions can be minimized and the heat effects on the column performance can be investigated separately.

Two experiments, No. 5 and No. 6, were carried out in the reactive distillation system by using visible light. The lamp, which is longer than the reflector and the packing zone of the column, passes through the focal line of the elliptical reflector as the UV lamp did. The heat duty to the reboiler and location of the chlorine gas inlet in these two experiments are the same as in the experiments No. 3 and 4 in the previous section. The heating wire wrapped around the column was used to heat the column to prevent vapor condensation on its wall. The input power to the heating wire was 70.8 W and 101.4 W in experiments No.5 and No.6, respectively.

The performance of the reactive distillation column, in terms of selectivity to benzyl chloride versus conversion of toluene, for these two experiments is illustrated in Figure 5-27.  The selectivity to benzyl chloride decreased with increase of toluene conversion in experiment No. 5, while it remained at constant value in No. 6. The performance was better in latter case than in the former one.  The difference in these two experiments was the amount of heat supplied to the column from the heating wire. The former case has a lower power input than the latter one. Raising the heat supply to the column increases the gas and liquid flow rates in the column, which promotes turbulence in the liquid film on the packing material and enhances the column efficiency. The reaction products formed in the reaction zone can be removed more quickly at more efficient operating conditions.
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FIGURE 5 - 27. Selectivity to benzyl chloride versus conversion of toluene in the photo reactive distillation column by using fluorescent lamp.

   [image: image33.wmf]0

2

4

6

8

10

12

14

0

50

100

150

200

250

Reaction time, min.

No. 5

No. 6

Reflux rates from condenser, ml/min.


FIGURE 5 - 28. Reflux rates from the condenser with reaction time for the photo reactive distillation by using the fluorescent lamp.

The reflux rates from the condenser with reaction time in these two experiments are shown in Figure 5-28. The reflux rates decreased with reaction time since the more volatile component, toluene, was converted into less volatile components, chlorinated products. The overall evaporation rates of the reaction medium dropped with time. As

discussed in the previous section, the column efficiency would drop with decrease in flow rates. Such reduction in efficiency is more significant under lower flow rates for experiment No. 5 than at high ones for experiment No. 6. Therefore, worse performance was observed under the conditions of lower flow rates. 

The improvement in the column efficiency with the increase in flow rates can also be observed from the column temperature profile in Figure 5-29. An observable temperature rise at the gas inlet (thermocouple 5) is evident in experiment No. 5, while a flatter temperature profile over the packed zone (thermocouple 1 to 9) is observed in experiment No. 6.  

However, an increase in column efficiency sacrificed the conversion of toluene. Figure 5-30 shows that somewhat lower conversion of toluene was obtained in experiment No. 6 than No. 5 over four hours of reaction time. Based on the reflux rates in these two experiments as shown in Figure 5-28, we estimated that the vapor and liquid flow rates in experiment No.6 were higher than that in experiment No.5. The residence time of chlorine decreased with the increase in flow rates. The conversion of chlorine would decrease with the increase of reflux rates, which seems consistent with our
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FIGURE 5 - 29. Temperature profile along the distillation column after one hour of reaction by using the fluorescent lamp.    
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FIGURE 5 - 30. Conversion of toluene with reaction time in the photo reactive distillation column by using the fluorescent lamp.

experimental result. Table 5-12 lists the conversion of chlorine achieved after 4 hours of reaction for all experiments. The value of conversion in Table 5-12 was obtained based on the assumption that toluene and chlorinated products stay in the distillation column during the reaction and the vapor phase is negligible. Since the liquid composition profile along the packed zone was not measured in the experiments, two extreme conditions are considered for the conversion estimation in Table 5-12. It is assumed that the liquid composition in the packed zone is the same as the liquid composition in the reboiler (Extreme 1) and the liquid composition in the packed zone consists of pure toluene only (Extreme 2). The actual conversion of chlorine should fall between these two extreme conditions if none of the toluene and chlorinated products left the distillation column during the reaction. The detailed procedure for estimating chlorine conversion are described in Appendix I. Table 5-12 indicates that chlorine is completely converted (within experimental error) for all runs except for run 4 with UV light and Runs 5 and 6 with visible light. It seems that chlorine conversion decreases with the increased reflux rate when using visible light. This would imply that the conversion of toluene drops at higher flow rates in the column. It is evident that some of the calculated chlorine conversions are larger than 100 %. Possible reasons are that some of the assumptions do not hold or, more likely, that the actual flow rate of chlorine is different from the design value of 102 ml/min. It was noticed that the actual chlorine flow rate fluctuated during the experiments. In addition, during reactive distillation, part of toluene and chlorinated products may be carried out by unreacted chlorine and hydrogen chloride and leave the system. It was hard to capture all the hydrocarbons using the condenser. The total moles of the hydrocarbons in the system could have decreased with reaction time. Therefore, some values of chlorine conversion may be overestimated with the above assumptions and due to experimental errors. In order to accurately estimate the conversion of chlorine, one has to measure the liquid composition profile, liquid holdup in the packed zone, and liquid that remained in the reboiler accurately. We were not equipped to do this.

TABLE 5 - 12. Conversion of Chlorine After 4 Hours of Reaction in the Distillation Column.

Experimental Runs
Average reflux rate (ml/min.)
Conversion of chlorine, %



Extreme 1
Extreme 2

No.1
1.6
105.09
96.64

No.2
9.0
118.60
109.08

No.3
8.7
112.53
103.49

No.4
10.0
95.78
87.46

No.5
1.6
103.61
95.28

No.6
10.3
93.17
85.68

Table 5-13 summarizes the reaction conditions and experimental results for experiments No. 3 to 6 in order to compare the effect of the radiation sources, UV and visible lights, on column performance. Chlorine was introduced into the column at the same location and at the same flow rate of 102 ml/min in these four experiments. The selectivity when using visible light lies between the values obtained by using the UV lamp. The worst performance among these four experiments is found for experiment No. 3. Comparing experiment No. 3 and No. 5, the reflux rates were higher in the former one (8.70 ml/min) than in the latter one (1.6 ml/min). The column efficiency should be higher in the former one than in the latter one. However, lower selectivity was found in experiment No.3 than in No.5. The reason for this may be that the local over-chlorination was significant in experiment No.3. The UV lamp, located at the higher position, was used in this experiment. The input power of the lamp is 450 W. The light sheet reduced the photo transmission by 70 %, which means a 135 W lamp actually illuminated the reaction zone. In contrast, the input power of the fluorescent lamp is 20 W. The actual photo radiation to the reaction zone was much higher using the UV lamp than using the fluorescent lamp. On the other hand, most of the radiation from the UV lamp is in the short wavelength range, while the radiation from the fluorescent lamp is in the long wavelength range. The absorption coefficient of chlorine decreases with wavelength in the range of interest. The local concentration of chlorine free radicals was higher when using the UV lamp than when using the fluorescent lamp. Since the reaction rates for the free radical reactions may be higher than the separation rates in the reaction zone, the reaction products can not immediately reach an equilibrium state. The reaction products would react with chlorine free radicals further to produce the bi- and tri-chlorinated products. The local over-chlorination reaction was apparently more severe under the conditions of high photo radiation, which is the case in experiment No.3.  If the radiation intensity is reduced, the performance can be improved, which was observed in experiment No.4 where the UV lamp was shifted down.

TABLE 5 - 13. Comparison of reactor performance by using UV and visible light.

Experiments
Radiation source
Reflux rates (avg.), ml/min
Selectivity in 4 hours

%

No. 3
UV light
8.7
81.0

No. 4
UV light
10.0
95.4

No. 5
Visible light
1.6
88.6

No. 6
Visible light
10.3
93.4

With visible light radiation the selectivity increases with the reflux rates due to the improved column efficiency. However, it was noticed that the selectivity was lower than the one found for experiment No.4 which employed a UV lamp. A possible reason for this is that the competitive reaction of ring chlorination becomes significant under low radiation intensity of the visible light. As stated before, the fluorescent lamp is a low-input-power lamp and it emits photon radiation at high wavelength range. It may not produce enough radiation to induce the free radicals and the radiation may not induce the chlorine free radical efficiently. In addition, the diameter of the lamp is larger than the distillation column. The radiation from the lamp can not be fully focused to the distillation column. The photo radiation from the fluorescent lamp can not be utilized efficiently. 

5.1.11.3 Reactive Distillation in the Absence of Light

In order to verify the effect of the photo radiation on the inhibition of competitive reaction on the aromatic ring of toluene, an additional experiment was performed in dark conditions. The scope of this experiment was to evaluate the contribution of the dark reactions to the reactor performance.

The dark reaction condition was accomplished by wrapping the whole column with aluminum foil. The external light can not enter the column. The chlorine gas inlet and the heat duty to the reboiler are the same as used in experiments No. 2 to 6. The experimental results obtained in one hour of reaction time are summarized in Table 5-14, where the results from visible and UV lights are also listed for comparison.

TABLE 5 - 14. Comparison of Column Performance in One Hour of Reactions

Radiation source
Heat
Visible light
UV light

Conversion of toluene, mol. %
7.8
13.1
14.9

Selectivity to benzyl chloride
92.3
92.5
95.7

Molar ratio of benzyl chloride/nuclear chlorinated products
12.1
18.8
75.3

It can be seen from Table 5-14 that the side-chain chlorination of toluene can also be carried out in the reactive distillation column without photo radiation. With thermal initiation, chlorine molecules, as they obtain sufficient energy from the column wall and by molecular collision, are dissociated into chlorine free radicals. Therefore, the free radical reactions can proceed. However, the production rates of chlorine free radicals were lower with the thermal initiation than with photo induced initiation. The conversion of toluene was lower in the dark conditions compared to the photon irrediation conditions. Because of the low reaction rates of the side-chain chlorination, the competitive reaction on the aromatic ring becomes significant in the temperature range of interest. Applying photo radiation promotes the reaction rates of the free radical reactions, and suppresses the competitive reaction. We can also see from Table 5-14 that the UV light of higher intensity is more efficient than the visible light of lower intensity in achieving this. 

In the photon radiation conditions when using the UV lamp and the visible light, the actual photon transmission rates to the distillation column are clearly not the same. It is hard to achieve the same rates by using different lamps since the spectral distribution of light source varies with the lamp.  Even if the same photon transmission rates are achieved by employing different lamps, different reactor performances would be obtained since the reaction rates of the side-chain chlorination of toluene depend on the concentration of chlorine free radicals. The later one depends on the absorption coefficient of chlorine, which varies with the wavelength (see Figure 3-6).

Based on the experimental studies of chlorination of toluene in the reactive distillation column operated at various conditions, we reached the following conclusions.

1. Photon radiation can effectively promote the generation of chlorine free radicals, enhance the reaction rates on side-chain chlorination of toluene, and inhibit the competitive reaction of chlorination of toluene on aromatic ring. However, if the photon radiation is too high, the over-chlorination of toluene occurs so that the second and third side-chain chlorination of toluene become significant. The performance of the photo chemical reactive distillation column then gets worse.

2. Feeding chlorine gas to the distillation column in the upper part of the column is better than in the lower part in achieving higher selectivity to benzyl chloride. However, the location of chlorine gas inlet should not be too high, otherwise, chlorine gas may not have sufficient residence time to react with toluene in the distillation column. In that case, the utilization of chlorine gas would be low. 

3. Increasing the vapor and liquid flow rates could improve the column performance because of improved mass transfer and column efficiency. The reaction products can be effectively transferred to the bulk medium to reduce the extent of over-chlorination of toluene. Higher vapor and liquid flow rates can be accomplished by using higher heat duties to the reboiler and to the column wall. However, the vapor and the liquid rates should not exceed certain limits such as corresponding to the flooding point of the column. On the other hand, sufficient residence time for chlorine is required at high flow rates.

4.  Maintaining low reaction temperature in the reaction zone is an important factor in achieving high selectivity to benzyl chloride. The activation energies of the consecutive reaction increase from the first to the second and to third reactions. The  rates for the second and the third reactions increase faster with temperature than the rate for the first reaction. Increasing the temperature also changes the molar composition in the reaction region. The products of lower volatility at higher molar fraction remain in the reaction region to react with chlorine.

5.2 Dynamic Simulation of the Photo Reactive Distillation Process

The experimental results for the photo chlorination of toluene in the reactive distillation column operated in a semi-batch mode were reported in the previous section. The effects of the operating conditions on column performance were examined and the results were interpreted based on limited information, i.e. observed temperature profiles along the column, reflux rates from the condenser, and liquid composition in the reboiler. However, additional information is required in order to fully understand the process. Such information includes composition profiles, vapor and liquid flow rates along the column, as well as reaction rates in each phase. Due to the limitation of our research facility, these process variables could not be obtained by the first measurements. The modeling and simulation of the photo reactive distillation process, on the other hand, could provide valuable process information, as illustrated in this section. The developed model can be extended to other batch reactive distillation process simulations. 

5.2.1 Reaction Model for a Batch Reactive Distillation Process

The generalized reaction model for a batch reactive distillation process was developed based on the following assumptions:

1. The distillation column consists of a series of compartments as illustrated in Figure 5-31. The vapor and liquid phase are in equilibrium in each compartment.

2. The vapor and liquid volumetric holdups in each compartment are constant except for the one in the reboiler where the total volumetric holdup is constant.

3. The pressure in each compartment is constant.

[image: image36.wmf]V

V

L

F

Q

1

1

1

1

2

V

V

L

L

F

Q

j

j

j

j-1

j

j+1

V

V

L

L

F

Q

n-1

n-1

n-1

n-2

n-1

n

V

L

F

Q

2

2

2

3

F

Q

n

n


FIGURE 5 - 31. Column schematic diagram

Based on the above assumptions, the mathematical equations to describe the multi-component batch reactive distillation process are derived to account for species mass balance, equilibrium relationship, heat balance, and summation constraint on molar fractions. These equations are written as follows for each compartment:

Compartment 1 (condenser):


* Overall mass balance,
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* Species mass balance,
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* Heat balance,
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Compartment j (packing section), 2( j ( n-1:


* Overall mass balance,
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* Species mass balance,


[image: image41.wmf]i

jF

j

L

j

iL

j

V

j

iV

j

i

j

j

i

j

j

i

j

j

i

j

j

i

j

L

j

i

j

v

j

y

F

H

r

H

r

x

L

y

V

x

L

y

V

dt

x

A

y

A

d

×

+

×

+

×

+

×

-

×

-

×

+

×

=

+

-

-

1

1

)

(


 







for i = 1, nc   
      (5 - 23)
* Heat balance,
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Compartment n (Reboiler):


* Overall mass balance,
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* Species mass balance,
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* Heat balance,
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where i is the index identifying the components in the reaction system; 
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Vapor-liquid equilibrium relationship,
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Summation of molar fractions in both phases,
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Constraint on the volumetric holdup,
* compartments, j =1 to n-1,
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where  is the molar density, which is the a function of temperature, pressure and molar composition. That is, 
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* Reboiler compartment, j = n
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If the temperature and the composition of each phase are known, then the molar enthalpy of each phase is determined. The enthalpies for vapor and liquid mixture are:
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5.2.2 Numerical Method for Solution of the Model Equations

To satisfy the mass balance, heat balance, phase equilibrium relationship and constraints as stated above, the following differential and algebraic equations have to be solved simultaneously:

Compartment 1(condenser),
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Equations (5-36) to (5-58) form a set of differential and algebraic equations.  It should be pointed that one of equations for the overall mass balance, species mass balance, summation of molar fraction in the vapor and liquid phase is redundant. One of these equations should be eliminated in solving the differential and algebraic equations. In the following equation solving process, the overall mass balance equation is not used. Therefore, there are (n(nc) differential equations and (n(5-1) algebraic equations for [n((nc+5)-1] variables. These variables are listed in Table 5-15.

The independent variables in the model are feed flow rate, Fj, and heat duty, Qj, to compartment j.  The parameters in the model are volumetric vapor and liquid holdups, 
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 can be determined by using thermodynamic relationships.

TABLE 5 - 15. Unknown Variables in Model Equations for Reactive Distillation

Compartment Number
Variable name and symbol
Number of variables

1
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The differential and algebraic equations can be solved numerically by using a DAE solver named LOSDI. This Fortran subroutine was created at the Lawrence Livermore National Laboratory (Hindmarch, 1987). This program uses either Gear’s method (also known as the backward differential formula or BDF) or the implicit Adam’s method. The BDF method is numerically the most efficient method for stiff systems. The difficulty in solving the differential and algebraic equations is to determine the initial values including first derivatives of all the variables.

Cuille et al. (1986) proposed a very useful procedure to find these initial values.  The procedure includes two steps:

1) calculation of column profiles at total reflux;

2) calculation of initial values by switching the operating conditions of the column from total reflux to normal conditions in a finite time interval.

5.2.3 Simulation of the Semi-Batch Photo Reactive Distillation 

The generalized reaction model for the batch reactive distillation can also be used to describe the chlorination of toluene in a semi-batch photo reactive distillation column. The experimental results indicated that the temperature at the gas outlet remained constant at 18(C since chilled water was continuously circulated at high flow rate through the condenser to remove heat. Under such conditions, the heat duty to the condenser may be varied with time since the vapor and liquid flow rates entering and leaving the condenser are changing in the semi-batch reactive distillation process. However, the actual heat duty to the condenser is not easy to measure in our experiments. Therefore, the heat balance, equation (5-21), for the first compartment is eliminated and instead constant temperature is assigned for this compartment as follows:
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where T1,0 is the temperature of compartment 1.

By applying all the correlations for the physical and thermodynamic properties (details in Appendix A) and using suitable kinetic expressions, we can solve the model equations numerically. The detailed procedure is described in Appendix J. 

Reaction rates for the free radical reactions depend on the concentration of toluene, partially chlorinated products, and chlorine free radicals. The reaction rates are first order in toluene, partially chlorinated products, and chlorine free radical. The concentration of chlorine free radicals is a function of concentration of chlorine and the photon absorption rates, which can generally be expressed by the following equation:


[image: image114.wmf]2

/

1

]

[

÷

÷

ø

ö

ç

ç

è

æ

=

×

t

a

k

I

Cl

f








(5 - 60)
where  is the quantum yield; Ia is the photon absorption rate by chlorine gas; kt is the termination rate constant for chlorine free radicals (3-11).

The photon absorption rate can be derived as:
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where ( is the absorption coefficient of chlorine; 
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 is the concentration of chlorine;( is the photon flux rate.

The photon flux rate varies with position inside the distillation column since the photon radiation decays along the radiation path. In the reactive distillation column the concentration of chlorine varies with position, and significant reflection and deflection would occurs in the packed zone. It is hard to calculate the local photon flux rate. For sake of simplicity, we assume that the photon flux rate is constant in each compartment. The photon flux rate is taken as an average value of the photon flux rate to the section of the column wall surrounding the compartment under consideration.  The value of the photon flux rate can be calculated by the following equation:
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where ( is the photon transmission rate to the packed zone; fi is the fraction of the photon transmission rate to compartment j; rc is the radius of the column; and Lpacking is the length of the packed zone.

Therefore, the concentration of the chlorine free radicals can be related to the concentration of chlorine and the photon transmission rates by equations (5-60) to (5-62). However, photon transmission rates are over estimated using the above equations since the photon flux rates decreases from the column wall towards the center of the column. In the following simulation calculation, the required photon transmission rates are adjusted in order to make the simulated conversion of toluene equal to the experimental value. The simulation results indicate that to reach the same conversion of toluene for experiment No.3 with lamp configuration 1 the required photon transmission rates are 1.124(10-7 Einstein/sec versus 2.631(10-6 Einstein/sec emitted from the lamp (Details in Appendix F-3).  This required value of the effective photon transmission rate was obtained when the photon absorption coefficient of chlorine was taken as a 1 m2/mol at the wavelength of 400 nm and it accounts for only 0.19 % of the photon transmission rates that strike the column wall (see Appendix F-3) from the UV lamp. 

The reaction rate for the competitive reaction of ring chlorination is first order in toluene and chlorine. The rate constant was estimated by simulating the reactive distillation process in the dark condition.

The heat duty to the packed zone was determined based on model simulation of the energy balance under total reflux conditions. The reflux rate from the condenser was measured in the experimental studies. The heat duty to the packed zone is calculated by the following equation under total reflux condition:
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where V2 is the vapor flow rate from compartment 2, I2 is the enthalpy of the vapor, L1 is the liquid flow rate from compartment 1, and J1 is the enthalpy of the liquid. Qn is the heat duty to the reboiler.

Under total reflux condition, V2 = L1. The vapor and liquid phase enthalpies are calculated at the first computation phase of the model calculation. The overall heat duty, Qpacked, to the packed zone can then be computed by equation (5-63).  If the heat duty is assumed to be proportional to the photo radiation rate, the heat duty to each compartment can be determined. Table 5-16 lists the heat duties to the compartments within the packed zone for experiments No.2 to No.4.

TABLE 5 - 16. Heat Duties to the Compartment within the Packed Zone.

Experiments
Reflux rates
Heat duty to the compartments in the packed zone, W


ml/min.
2
3
4
Total

No.2
9.0
13.5
14.7
10.6
38.8

No.3
8.7
9.14
13.4
13.5
36.0

No.4
10.0
16.2
17.5
12.7
46.4

The number of compartments needed to represent the packed column is determined by dividing the length of the packed zone by the height of the equilibrium theoretical plate (HETP). The HETP is estimated by using the Bravo and Fair correlation (1982) which is based on the mass transfer model. The value of HETP depends on the geometry of the distillation column, packing size and material, and operating conditions. In the following dynamic simulation of the photo reactive distillation of chlorine, the experimental conditions of runs No.2 to No.4 are applied. Under these conditions, the number of compartments in the packed zone is estimated to be three (details in Appendix G). If the reboiler and the condenser are assumed as an equilibrium compartment, the total number of compartments of the distillation column is five. These compartments are labeled as one to five from the top of the column (condenser) to the bottom (reboiler). 

The location of chlorine gas inlet can then be determined. The gas inlet is located in compartment 3 for configuration 1 (experiment No. 3) and configuration 3 (experiment No. 4), and in compartment 4 for configuration 2 (experiment No.2). 

The model predicted column performance, in terms of selectivity to benzyl chloride versus conversion of toluene, for the photo reactive distillation process for experiments No.2 to No.4 is shown in Figure 5-32.  The experimental results are also plotted in the figure for comparison. It can be seen from this figure that the simulation results agree with experimental results only qualitatively, i.e. in terms of trends. The best configuration in achieving the highest selectivity to benzyl chloride is configuration 3 (experiment No.4). When the chlorine gas inlet is located in the same compartment (configuration 1 and 3), a similar performance is predicted by simulation results. Using configuration 2 (experiment No.2) leads to worst performance. 

The conversion of toluene versus reaction time for both simulation and experimental results, under these three operating conditions are plotted in Figure 5-33. The same photon radiation rate to the packed zone is applied in the simulation. The simulation results indicate that the highest conversion is achieved by using configuration 2. In this reaction condition, chlorine gas was fed into the column in the lower part; while, the chlorine gas was fed into the column in the upper part for other configurations. The highest residence time for chlorine can be achieved by using configuration 2. Therefore, using configuration 2 obtains the highest conversion.
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FIGURE 5 - 32. Selectivity to benzyl chloride versus conversion of toluene, experimental and simulation results.
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FIGURE 5 - 33. Conversion of toluene versus reaction time, experimental and simulation results.

These simulation results correctly predicate that the molar fraction of toluene is always higher in the upper part of the column than in the lower part, which is shown in Figures 5-34 and 5-35. The molar fraction of toluene decreases as reactive distillation proceeds. The decrease in the reaction rate in the upper part of the column is slower than that in the lower part of the column since toluene, as a more volatile component than chlorinated products, tends to enrich the upper part. The chlorinated products, on the other hands, tend to accumulate in the lower part of the column. The computed molar fraction profile of the first side-chain chlorinated product, benzyl chloride, in the liquid and vapor phase along the column is shown in Figures 5-36 and 5-37. During the reaction process, the computed molar fraction of chlorine in each compartment remained at constant value as illustrated in Figures 5-38 and 5-39. In the presence of photo radiation, the competitive reaction of ring chlorination of toluene is effectively inhibited. In order to achieve high selectivity to benzyl chloride, the first reaction product of the free radical reaction, the chlorine gas inlet should be located in the upper part of the column, such as for configurations 1 and 3. In that region the high molar ratio of toluene to chlorine and the low molar ratio of partially chlorinated products to chlorine are achieved. The production rates of benzyl chloride remain a high in that region, which is shown in Figure 5-40(a) and (c).  However, if chlorine gas is fed into the column in the lower part, such as for configuration 2, the production rate of benzyl chloride in the upper part is the lowest among these configurations (see Figure 5-40(b)). Initially, the packed zone, which corresponds to compartments 2 to 4, mainly is occupied by toluene, and the production rates are relatively higher in compartment 4 where the gas inlet is 

    [image: image131.wmf]0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1

2

3

4

5

0, min

30

60

90

120

150

180

210

240

[image: image132.wmf]0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1

2

3

4

5

0, min

30

60

90

120

150

180

210

240

[image: image133.wmf]0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1

2

3

4

5

0, min

30

60

90

120

150

180

210

240


[image: image134.wmf]   

(a) configuration 1 

          (No.3)

(b) configuration 2  

          (No.2)

(c) configuration 3  

          (No.4)

Compartment number

FIGURE 5 - 34. Molar fraction profile of toluene in the liquid phase along the column obtained from simulation.
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FIGURE 5 - 35. Molar fraction profile of toluene in the vapor phase along the column obtained from simulation.
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FIGURE 5 - 36. Molar fraction profile of benzyl chlorine in liquid phase along the column obtained from simulation.
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FIGURE 5 - 37. Molar fraction profile of benzyl chlorine in vapor phase along the column obtained from simulation.
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FIGURE 5 - 38. Molar fraction profile of chlorine in liquid phase along the column obtained from simulation.
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FIGURE 5 - 39. Molar fraction profile of chlorine in vapor phase along the column obtained from simulation.
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FIGURE 5 - 40. Production rate profile of benzyl chloride along the column obtained from simulation.
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FIGURE 5 - 41. Production rate profile of benzal chloride along the column obtained from simulation.

located. As the reactive distillation proceeds, the molar fraction of toluene decreases and that of benzyl chloride increases in the lower part of the column. The production rate of benzyl chloride decreases with time while the production rates of bi- and tri-chlorinated products increases significantly.

Comparing the simulation results, we learn that the production rates of undesired reaction products when using configuration 2 are much higher than in configuration 1 and 3. Figure 5-41 illustrates the production rate profile of benzal chloride along the column for these three configurations. The highest production rates of the bi-chlorinated product, benzal chloride, were obtained in configuration 2. Therefore, the worst selectivity to benzyl chloride was obtained using this configuration. The simulation result is consistent with the experimental observation. However, the differences in model prediction for various configurations are much smaller than the experimental observations. The reason is that the reaction media are always mixed very well, and gas and liquid are always in an equilibrium state in model simulation.

The reactive distillation simulation can be used to examine the effects of reaction conditions on the column performance and to interpret the experimental observations. It was found in the experimental studies that the reflux rates, column separation efficiency, light intensity, and wavelength length all have an impact on column performance. These effects can be evaluated through sensitivity study using the reactive distillation model. 

The following sensitivity study is performed by setting the normal operating conditions that are used in configuration 3 (No.4). The effect of each variable on column performance is examined individually by changing the values to 1/5 of and 5 times of the normal value. All other variables are kept at the same value as used under the normal conditions. The effect of reflux rates on the column performance is shown in Figure 5-42. It can be seen from Figure 5-42 that as the reflux rates increases, the selectivity to benzyl chloride is enhanced because the ratio of toluene to chlorine is increased with reflux rate. However, this improvement in selectivity to benzyl chloride scarifies the conversion of toluene and efficiency of chlorine utilization because the mean residence time of chlorine decreases with increase in reflux rate. The simulation results are consistent with the experimental observations. 
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FIGURE 5 - 42. Effect of reflux rates on reactor performance for chlorination of toluene in reactive distillation column based on simulation results.

The column separation efficiency is increased with flow rate when the original liquid distribution at low flow rate is very poor in the column, which was shown in Figure 5-20. For a packed column, the number of theoretical equilibrium plates varies with the reaction conditions. Poorer separation efficiency corresponds to a lower number of equilibrium plates. Figure 5-43 illustrates the column performance using different theoretical plates in the simulation of the packed column. The lower the number of the plates, the lower the column efficiency, the poorer the column performance as measured by selectivity to benzyl chloride. That explains the better performance observed experimentally at higher reflux rates.
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FIGURE 5 - 43. Effect of number of theoretical plates on reactor performance for chlorination of toluene in reactive distillation column based on simulation results.

Chlorination of toluene involves a series of consecutive reactions as well as competitive reactions. Increasing the light intensity promotes the initiation rate for generating chlorine free radicals. The side-chain chlorination of toluene, which follows a free radical reaction mechanism, can proceeds faster under this conditions. The competitive reactions, which are nuclear chlorination of toluene and follow the electrophilic substitution reaction mechanism, can be effectively inhibited. Figure 5-44 shows the effect of light intensity on the column performance in terms of selectivity to benzyl chloride versus conversion of toluene. It can be seen from this figure that the selectivity is increased significantly with the increase of light intensity from 1/5 of normal rate to the normal rate. Further increase in the light intensity from the normal rate to 5 times of that rate can only raise the selectivity slightly, which implies that the competitive reactions are already effectively suppressed by using normal photon flux rates. In contrast to applying higher light intensity, one can also use photo radiation which leads to high absorption rate by chlorine. It is known that the high absorption coefficient of chlorine occurs at a wavelength range of 300 nm to 350 nm as shown in Figure 3-6. The UV lamp emits a large portion of radiation in that wavelength range.  The absorption coefficient decreases with wavelength from 350 nm to 495 nm. The fluorescent lamp emits only part of its radiation in that wavelength range. From that point of view, the UV lamp is a better radiation source than the fluorescent lamp. In the reactive distillation simulation, the entire reaction medium in each compartment representing a section of the packed column is assumed well mixed, and gas and liquid phases always reach equilibrium. In that case, the increased reaction rates will not cause over accumulation of reaction products in the reaction zone. In reality, too high a light intensity should be avoided. If the reaction products are not removed from the reaction zone immediately through distillation, the second and third side-chain chlorination reaction could occur, which deteriorates the column performance. 

The simulation results shown in Figure 5-44 are obtained at the same time scale of 4 hours of reaction. It can be seen from this figure that the conversion of toluene is also increased with the increase in light intensity. The efficiency in chlorine utilization is improved at the higher rate of photon radiation. 
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FIGURE 5 - 44. The effect of light intensity on the reactor performance for photo chlorination of toluene in the reactive distillation column based on simulation results.

It is evident from Figure 5-32 that all the simulation results for selectivity to benzyl chloride versus conversion are much higher than the experimental values. Our reaction model does not capture the real system quantitatively. A possible reason is that the model for the column is developed based on the equilibrium compartment assumption. Vapor and liquid phases are always assumed to be well mixed within the compartments. However, these ideal reaction conditions can hardly be achieved in the real system. The deviation from phase equilibrium affects column performance. In order to evaluate this effect, we applied different values of Murphree efficiency to compartment 2 to 4 in configuration 3. Murphree efficiency is defined as follows (Kister, 1992):
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(5-48)

yn* is the composition of vapor in equilibrium with the liquid leaving the compartment, yn is the actual composition of vapor leaving the compartment. Murphree efficiency is the ratio of the change of composition in the compartment to the change that would occur in a theoretical equilibrium compartment. Figure 5-45 shows that the selectivity to benzyl chloride decreases with a decrease in Murphree efficiency, but the decrease is not sufficient to explain the observed experimental results. It was attempted to evaluate the column performance by reducing the Murphree's coefficients even smaller. However, the program did not converge because of the extreme stiffness of the equations at such conditions.
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FIGURE 5 - 45. Selectivity to benzyl chloride versus conversion of toluene at various Murphree efficiencies in compartments 2 to 4 in configuration 1.

All the simulation results indicate no temperature rise at the position of the chlorine inlet in our reaction system. However, in the laboratory unit a significant temperature rise, which is shown in Figures 5-46 (a) and (b), is observed at the gas inlet in experimental studies with configurations 1 and 2. In these two configurations, the photon transmission rates to the region near the gas inlet are relatively higher. Higher concentration of chlorine is expected in that region in comparison to the other parts. The reaction rates may be greater than the mixing and separation rates of the reaction medium. As stated earlier, photo chlorination mainly occurs in the liquid phase. The mixing of the liquid phase may be poor close to the gas inlet. Poor mixing conditions would result in local over-chlorination and accumulation of heavy reaction products. Local hot spots were observed in experiments No.2 (configuration 2) and No.3 (configuration 1). An improvement in liquid mixing would reduce the extent of local over-chlorination and the accumulation of the products. The reduction of photo radiation would also minimize local over-reaction. Experiment No.4 with configuration 3 was performed under these improved reaction conditions. The experimental temperature profile is in better agreement with the profile simulated by the reaction model as shown in Figure 5-46(c). By examining the liquid and vapor flow rate profiles (Figures 5-47 and 5-48), one finds that under these conditions the liquid and vapor flow rates are higher in the upper part of the column than in the lower part. Therefore, the mixing conditions are improved along the column from bottom to top in the exothermic reactive distillation column. This explains why the selectivity is always higher when feeding chlorine to the upper part of the column than to the lower part. When chlorine is fed to the top part of the column the liquid and vapor flow rates in the upper part are the highest among all examined configurations and yield the highest mixing rate of liquid in that region. 

The kinetic parameters used in the simulation were estimated from experimental results in bubble column. The mixing conditions in the bubble column are different from the distillation column. The apparent kinetic parameters, which are affected by the mixing state, in these two systems, may not be the same. Therefore, using different apparent kinetic parameters results in different simulated column performance. Figure 5-49 
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FIGURE 5 - 46. Comparison of temperature profile along the column between the experimental and the simulation results.
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FIGURE 5 - 47. Liquid flow rate profile along the column obtained from simulation.
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FIGURE 5 - 48. Vapor flow rate profile along the column obtained from simulation.

shows the simulation results by using adjusted and normal kinetic parameters in configuration 3.  Among the adjusted parameters, the frequency factors for the second and third consecutive reaction rate constant were obtained by multiplying 4.7 and 2.0 to the respect normal values. The experimental results are also plotted in that figure. It can be seen from this figure that the simulation results can match experimental results very well using adjusted kinetic parameters. Using these kinetic parameters one can make a better prediction than using kinetic data measured in bubble column experimental studies. 
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FIGURE 5 - 49. Selectivity to benzyl chloride versus conversion of toluene in semi-batch photo reactive distillation column, simulation results by using different kinetic parameters and experimental results in configuration 3.

Based on the simulation study of the semi-batch reactive distillation, we have examined the effects of various reaction conditions, such as reflux rates, column efficiency, non ideality, light intensity, on the column performance. The simulation results indicate that using high reflux rate, high light intensity, and achieving column efficiency, at high flow rates by approaching high phase equilibrium leads to high performance in terms of selectivity to benzyl chloride. However, the effect of mixing conditions on the column performance could not be examined using the current reaction model. Such effect is believed to be very important in determining the column performance especially for a reaction system involving fast reactions. The mixing conditions affect the local deviations from ideality especially close to the gas inlet and therefore can change the apparent kinetic parameters. 

Chapter 6

Conclusions and Future Work

6.1 Conclusions

Based on the study of photo chlorination of toluene, which involves both consecutive and competitive reactions, in bubble column/sparged reactor and photo reactive distillation column, the following conclusions are reached.

1. The best flow pattern in the bubble column/sparged photo reactor for achieving the highest selectivity to benzyl chloride, the first chlorinated product from the consecutive reactions, is the well minxedness of the liquid phase. Under this flow pattern, the competitive reactions are suppressed because the low concentration of chlorine in the liquid phase is maintained and the consecutive reactions are promoted by using the photo radiation. The selectivity to benzyl chloride decreases with the increase in the conversion of toluene in this type of reactor.

2. The high selectivity to benzyl chloride at high conversion of toluene can be achieved in the photo reactive distillation column because the reaction products can be removed from the reaction zone in-situ by distillation in the column.  Feeding chlorine gas in the upper part of the column, applying appropriate photo radiation and achieving good mixing conditions in the reaction zone lead to the high column performance in terms of the selectivity to benzyl chloride.

3. The photo reactive distillation column can be an alternative to the current industrial bubble column photo reactor. The reactive distillation column offers about 50% greater toluene conversion efficiency than the bubble column reactor in achieving 96 % of selectivity to benzyl chloride. 

6.2 Future Work

The photo chlorination of toluene in a heterogeneous system is far from being fully understood. The author believes that the following research work on this reaction system needs to be done in the future:

1. A rigorous model for the photo chlorination of toluene in bubble column needs to be developed. Since the photo radiation is not uniformly distributed inside the column, the local reaction rates vary with their location in the column. Multiple reaction regimes can possibly exist in the bubble column. Different reaction regimes should be identified and the hydrodynamics of the reaction medium in the column should be taken into account in the rigorous model development. Using the rigorous model, one can identify appropriate operating conditions in the industrial reactor, such as the position of gas inlet and the radiation sources. Therefore, further improvement on the column performance can possibly be made.

2. A thorough kinetic study of the free radical reaction on side-chain of toluene is required. The reaction rate constant of each element step can possibly be determined through experimental study in a photo bubble column. In order to get reliable kinetic parameters, the photon radiation distribution in the reactor has to be evaluated properly by using a rigorous radiation model. The photon radiation profile inside the column should be compared with experimental measurement. Hence, a specially designed photo cell is needed in order to obtained such experimental data. During the kinetic study, the photo radiation with a single wavelength is preferred in order to reduce the efforts on computation. An optical filter, located between the lamp and the reaction medium, is required in order to cut off undesired wavelengths. The kinetic rate constants can also be estimated based on the transition state theory. Using commercial software package, such as Gaussian 94, one can determine the geometries of the molecular structure of the reactant, transition state complex, and products. Then one can estimate the reaction rate constant at various temperatures with the aid of the software package, MOPAC, which was developed in Truhlar's group in Chemical Dynamic Laboratory, Department of Chemistry, University of Minnesota. 

3. More experimental studies are needed in order to evaluate the effects of reaction conditions on performance of a photo reactive distillation column in a large scale. More process information from the large scale column can be obtained by using sampling system along the column, which was impossible obtained in the small scale column. The new distillation column should have more equilibrium compartments, which offers more flexible operation. Additional experimental studies carried out in a tray column are needed. On large scale, a tray column is more economical than the packed column. A new photo radiation system should be developed in the new reaction system in order to achieve efficient utilization of the photo radiation and uniform light distribution within the column. A special distributor for introduction of chlorine is required in order to minimize the over reaction at the gas inlet.

4. A non-equilibrium state reaction model for batch reactive distillation by taking into account hydraulic conditions in the distillation column needs be developed in order to able to model the performance in the real column better. The new reaction model can be used for simulation of various batch reactive distillation processes.      
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