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1 SUMMARY

In the recovery of benzene, toluene and xylene from

the coke~oven gases, the light cll which contains these

components as well as others is run through a forerunnings

column which removes the low-bolling constituents such as

HyS, CS8y, etc. These light ends are returned to the gas

main and every effort is made to separate benzene from these

constituents. An investlgatlon has been made to determine

conditions necessary for efficient operation of the fore-

runnings column. It was found that the column 1s operating

as efficiently as possible at the present time.

Temperatures, pressures, and flow rates of the fore-

runnings column were measured directly. The flow meters

were calibrated. Analyses of the various streams entering

and leaving the tower were determined by use of a laboratory

rectification column of flve theoretical plates.

It was found that the feed ranged in composition from

1.2 to 1.4 per cent by volume light ends, while the over-

head product (forerunnings) varied from 25 to 50 per cent

light ends. The bottoms contained a negligible amount.

The amount of benzene lost in the forerunnings amounted to

50 to 60 pounds per hour. It was concluded that a hold-up

in the forerunnings column existed.

It 18 recommended that the feed be introduced into the

column on a lower plate in order to reduce the amount of ben-

zene in the forerunnings. If this 1s not advisable it is

recommended that the forerunnings be accumulated and re-run.



II INTRODUCTION

In the recovery of benzene, toluene and xylene from

the gases evolved in the carbonization of coal, a "light

oil" containing these. components:aswellasothers1sob-

tained by absorption in and subsequent steam stripping from

a light straw oil. Following this operation the low-bolling

constituents (H,8, CSp, etc.) are removed by rectification

in a forerunnings column.

The forerunnings column (see Figure No. 1) is a 36

plate bubble-cap tower. There are 22 caps per plate and

the plates are spaced one foot ten inches apart. The feed

is intreduced continuously on the twenty-second plate from

the bottom at a rate of about 700 gallons per hour. The

bottoms pass through a cooler and are sent to storage. The

forerunnings:arewithdrawnata rate of about 12 gallons

per hour. Forerunnings throughout thls report are defined

as the mixture of light ends and benzene withdrawn from the

system as overhead product. The light ends are compounds

whose bolling pointis are below that of benzene (80 °¢c.).

The reflux rate into the top of the tower 1s about 700

gallons per hour.

Under present conditions the forerunningsarereturned

to the cokesoven gas main and burned as fuel. Although

every effort is made to eliminate benzene from these return

gages, there are some indications that this condition does

not always exist. The investigation was made of the fore-

runnings column to determine the conditions necessary for

afficient operation.





III PROCEDURE

To determine the operating conditions of the column

the following data were taken and called a run:

Temperatures:

Vapor at top of column

Intermediate plate (26%H)

Cooled bottoms

Condensate

Water from condenser

Feed

Forerunnings (overhead product)

Bottoms

Pressures:

Pressure in steam chest (reboller)

Pressure at base of column

Flow Rates:

Feed

Reflux

Forerunnings:

The flow rate of the- feed 1s indicated on a chart and

was found accurate within five. per cent by tank measure

ments. The flow rate of the forerunnings were read from

a rotameter which was checked by a volumetric displacement

calibration. The reflux rate is measured by an orifice

flow meter. For calibration, the orifice was cleaned and

8 mercury manometer was connected across the pressure taps.

Knowing the constants of the orifice, the flow was calculated



and found to becaccurate within ten per cent.

Analyses of Streams Entering and leaving Forerunnings

Column

Feed

The feed was analysed by a batch rectification in

a fiveetheoretical-plate column (laboratory, see Figure

No. 2). It was found that a two stage rectification

was necessary. Several rectifications were made of

the feed. The distillates from these operations were

accumulated and re-run. The temperatures were taken

up to 79 °C. which was the arbitrary limit set for

the removal of the light ends. The bolling point of

benzene is 80 °C.

Forerunnings:

The forerunnings were analysed in a single-stage

batch rectification using the laboratory column.

Bottoms:

The bottoms were analysed by the same method as the

forerunnings. At no time was there any fraction found

which boiled below 79 ©C. Therefore it was assumed

that the bottoms were free of light ends.

The curves from these analyses c¢an be seen in

Flgure Nos. 3-7. Using the flow rates and analyses

a. material balance of light ends around the fore-

runnings column was calculated. Overall material bal-

ances around the laboratory column were also calculated.
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Calculation of the Theoretical Number of Plates in

the laboratory Column
A known mixture of benzene and toluene was added to

the still pot of the laboratory column (approximately 0.1

mol per cent benzene). The column was set into operation

with total reflux. The temperature of the vapor at the top

of the column and the temperature of the mlxture in the still

pot were measured. Using composition.temperature equlib-

rium gata‘ ine compositions of the vapor and bottoms were

determined. These terminal compositions were plotted on

an x-y dlagram. The operating line 1s a 45° line on an

xey diagram (for total reflux), and the number of theoret-

ical plates in the column were determined by the McCabe

Thiele method (see Figure No. 8).

Vigcoslty Determination

The viscoslty of the forerunnings was determined by

a standard Ostwald viscometer for use in the calibration

of the reflux flow meter. The temperatures, time required

to pass the reference points and the density of the product

were recorded. The density was measured with a Westphal

balance. The viscosity 1s calculated according to the

formula?)

ro. . Ch

Ar tn

where «, , t,, and ¢, are the viscosity, time, and

density of the standard (water).
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IV RESULTS
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The column 1s operating as efficlently as possible under

the present conditions of feed compositions, feed plate

lecation, condenser temperatures, etc.

Fifty to sixty pounds per hour of benzene are oeing

put into the gas main.

The feed to the column is from 1.2 to 1

cent light ends¥*.

The bottoms from the column are free from light ends#

The forerunnings from the column are from 24 to 48

volume per cent light ends% and about two per cent

non-condensables. The remainder is benzene with a

small percentage of higher boiling constituents.

B. A material balance of light ends around the forerunnings

column doeg not close.

#See Figure Nos. 3-7.













V DISCUSSION OF RESULTS

Present Operatinz Condltiens

Since the ratio of the reflux rate to the vapor rate

is very nearly one, the forerunnings column can be assumed

to be operating with maximum rectification. The empirical

relationship which states that the superficial vapor vel-

ocity in feet per second must be less than the dlstance

in feet between plates ls satisfied for vapor rates (when

vapor 1s condensed) up to 1240 gallons per hour.

Benzene Recovery

No economlc balance has been made of the benzene plant

in order to determine whether or not the recovery of the

benzene in the forerunnings is feasible. The amount lost

is between one to two per cent of the benzene fed to the

column. It has been assumed that the benzene should be

recovered.

Addition of Plates to Column

If all the benzene were to be removed from the

forerunnings, an equivalent of the five theoretical plates

of the laboratory column would be needed. Assuming an ave

erage plate efficiency of thirty per cent, although in act-

ual operation the efficiency would be less, it can be seen

that 1f the number of plates above the feed were doubled

(about 15 more plates) the vapor temperature at the top

of the column would be about 35 to 40 °C. Under the present

operating conditions the vapor temperature is about 68 to

74 On
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Location of Feed Plate

The stripping section appears to be operating more

effectively then the enriching section of the column, since

the analyses showed that no light ends were present ln the

bottoms. With the data at hand it 1s impossible to say

how many plates are necessary to strip the light ends from

the bottoms, but two or three times the present amount of

light ends could probably be present in the bottoms and

still be negligible. Therefore, there is a good possiblillty

that if the feed were put in on the fifteenth plate the

stripping section still would reduce the concentration of

light ends to a negligible amount. It is certain that the

benzene losses would be cut down if the feed plate were

lowered. To what extent either of these factors would take

place is impossible to predict. Actual operation of the

column under these conditions is the only way to determine

the effect of shifting the feed plate.

Re-running Forerunnings

If no physical changes in the column can be made,

i.e. changing position of feed, in order to recover benzene

the forerunnings should be accumulated until a batch large

enough to re-run is collected. Operating the cclumn with

a reflux ratio of approximately one, it 1s certain that no

benzene would be withdrawn in the overhead product. How-

ever, this re-run would require additional steam and time

and may not be economically feasible.
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Analysis of Feed

The analysis of the feed was carried out in runs one

and three in a single stage batch rectification. There

were reasons to believe that these values for the per cent

light ends would be high. Therefore, the two stage rectif-

ication was sttempted. It was found that about 80 per cent

of the first stage distillate was benzene. Since the per-

centages of light ends in the feed were small, it was not

reasonable to expect a five theoretical plate cclumn to sep-

arate all the fractions completely. Moreover, from the shape

of the curve it can be seen that another re-* fication 1s

needed to get good fractionatlon.

Analysis of the Bottoms

The bottoms from the forerunnings column are free from

light ends by the analyses. It must be agreed that the

rectification of the bottoms in the five theoretical plate

laboratory column would not be very good. As a rough ap-

proximation, it would take three or four stages of rectif-

ication to get results comparable to a complete rectification.

This procedure would be of doubtful precision since it 1s

an accumulative process, and the losses by handling are

guite appreciable.

Analysis of the Forerunnings

The analysis of the forerunnings appears to be an

excellent fractionation. From the general trend of the

curve it can be seen that the light ends are made of two
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principal fractions, one boiling about 40 °C. and the

other about 45 ©C.

Volume and Welght Percentages

It 1s observed that Figures 3 through 6 are plotted

as temperature versus volume per cent, and that Figure 7

is plotted as temperaure versus welght per cent. In the

analysis of the feed where low percentages of light ends

are encountered the difference between volume per cent

and weight per cent 1s only one part in one hundred. The

difference between volume per cent and weight per cent in

the analysis of the product amounts to ten parts per hun-

dred. Weight per cent givee the higher value.

Comparison of laboratory and Forerunnings Column

When analysing the feed, the initial temperature of

the vapor at the top of the column when operating at total

reflux is about 20 ©C. below that temperature in the fore-

runnings column. At any instant, a batch operation 1s

equivalent to a continuous operation if the still pot

composition for batch and the composition of a given plate

for continuous are the same. From this it can be seen that

the initial rectification at total reflux of the batch an-

alysis of the feed is comparable to the sectlon of the tower

above the feed plate. The laboratory column gives a better

rectification than the 14 plates in the forerunnings column.

Thus it can be seen that at best the average plate effic-

fency of the forerunnings column is about 30 per cent.



Material Balances of Light Ends Around Forerunnings Column

From a material balance around the column for runs four

and five, 1t 1s evident that there is an increase in light

ends in the system at rates of 50 and 60 pounds per hour

respectively. In run number five, the tower had been run-

ning four hours during which time no forerunnings were

withdrawn.

An inspection of the system would leave two explanations

for the non-closure of the materlal balance. One, the light

ends escape from the gas vent, and two, the light ends are bee

ing accumulated in the system. An attempt wae made to absord

the escaping gases in activated charcoal, but not all the gases

were absorbed. The welght of absorbed gases amounted to twelve

ounces in fifteen minutes or three pounds per hour. This would

account for only a small fraction of the 50 or 60 pounds per

hour. Therefore, the only logical explanation for the descrep=

ancy of the material balance 1s a hold-up in the system. The

conditions of the tower Justify this explanation, since the vapor

temperature was dropping slowly. In runs one through four the

only explanation 1s the loss of light ends through the vent since

the temperatures had been constant over a period of several hours.

Probably the best explanation is a combination of the two effects.

If the tower were run long enough, the system would ap-

proach steady state and become saturated with light ends. If

the system becams saturated elther the product and/or the

bottoms would have to contain abnormally large amounts of

light ends. No such conditions were met.
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VI CONCLUSIONS

L

2.

De

F

The tower 1s operating as efficiently as possible under

the present conditions of feed composition, feed plate

location, condenser temperatures, etc.

The plate efficiency of the forerunnings column is

about thirty per cent.

The benzene in the forerunnings which 1s belng put into

the gas malin could be all or partially recovered:

(a) By putting the feed into the tower at a lower

plate.

By accumulating and then rec-running the fore-

runnings.

Installing approximately 15 more

the feed.

There 1s a holdeup of light ends in tne forerunnings

column.
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VII RECOMMENDATIONS

 |

~

The location of the feed be changed to the fifteenth

plate if possible.

If changing the location of the feed does not reduce

the benzene losses, 1t is recommended that the fore-

runnings be accumulated and re-run, although this will

require additional steam and time and may not be econ-

omically feasible.
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VIII APPENDIX
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A DETAILS OF PROCEDURE

The laboratory rectification column (Figure No. 2) con-

sisted of a 1000 cc. still pot, a column of about three-

quarters of an inch in diameter and 45 inches high, a

cleverly conceived section to measure the vapor temperature

and provide a means for reflux, and a condenser. All of the

joints were ground to fit and were deslgned to be leak proof.

The column was packed with one-quarter inch copper rings.

The reflux section of the tower was constructed so that

the vapors were led past the thermometer before golng to

the condenser. The condensate fell back into the reflux

section and was returned to the top of the packed section

through &amp; capillary tube. The product valve was located

so that the condensate could be withdrawn continuously or

totally refluxed.

The packed section of the tower was enclosed in a

glags tube about an inch and one-half in diameter around

which was wrapped a heating element. The purpose of the

jacket and heating element was to cut down the heat losses

from the column. If too much heat escaped from the column

all the vapor was condensed before it reached the top.

If, on the other hand, the heating element was so hot that

there was a heat input to the column, the packed section

acted as a reboiler and the efficiency of the column was

greatly reduced.



6.

The product was led through a product cooler into a

graduate. The lead was below the surface of the liquid

in the graduate to cut down losses by evaporation. The

receiver was placed on scales which weighed the amount of

product. The entire arrangement, scales and graduate,

could be raised-or lowered in order to keep only the tip

of the product line below the surface to obtain accurate

weight measurements.

The non-condensable gases were led from the top of

the condenser into an absorption system which consisted of

three bubbler flasks in series and a condenser. The flasks

were filled with benzene which would absorb any gases which

were not condensed.

With the system described above it was posslble to

close overall material balances around the column to with

in one per cent. Prior to the time when the product was

led below the liquid in the receiver, losses due to evap-

oration amounted to roughly 50 cc. in 750.
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Be TABULATION OF DATA

Forerunnings column

Temperatures-°C.

Top of Column

2oNd  prate

Run Number
2 %

"3
&gt; -

»

J &lt;6-

-

,

’ 7}

36 gh 5 35

57.5

35

Cooled Bottoms

Distillate

56 54 *7 53

3658

14

23  4 32

Water from Cond. l4 15 12 12

560

24,5

Feed  KH h 5 5.5

30

84, 5 85 84 .5

5¢5

24Product 27 aT

Bottoms 84.5 84.5

Pressures-1bs./in® Gage
Base of Column 8.75 8.0 8445 8.1 8.75

5.6 5.9 5¢6 6.3Steam Chest

Flow Measurementr-callons/hour

Feed

Refluxit

710 710

T40 T40

11.8 TeH

720 725 710

800 690 810

12 oo 6 13 ® 1Product

Analyses-Vol.% Light Ends

Feed

Product

Bottoms

¥ Corrected value
X Weight per cent

18.5 Le 3

J J)

1.39 1.19

36.5 24.8 6.8

0 0

FeedX* 1.20
Product? 28.8

0
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B. TABULATION OF DATA

Laboratory Column

Run
Sample Distillate Residue Amt.

Vol. wt. Vol. Wt. Vol. Wt. Absrbd. BF

Somer gh fhm Ene Lo
750 == "5 -

750 ==

L Product

1 Feed

1 Bottoms

2 Product»

Feed

Bottoms

750 56.8
-
- 2 2 wp

2 750 0 0

Product 500 469

Tol. added 200 173

Lt. Ends

240 212 58.8

176 185

198 172Benzene

Bz.-Tol.

Feed

Bottoms

J 750

750

83.5

3 uh )  —_

/3 Product#* a 750 674.4 183 177.7 560 477.4 15.1 ---

750 671.4

750 673.8

750 670.5

750 667.4

520 375.9

Product* b

Feed a

185 179.0 S547 465.9 14.6 =--

30 25.2

70 63.5 =

47.8 --- 614.5 0.1 86.6

38 33.0 382 340.9 =0.6

226 199.7 37 34,1 190 160.8 0.2

-- 642.1 -1.0 86.4

= 603.1 =0.4 87.4Feed b

Feed c

Feed e

Feed
(redist.)

&lt;4 Bottoms a 750 672.1 0 ~ 37.8

Overhead Product or Forerunnings
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B. TABULATION OF DATA

Laboratory Column (cont.)

3

h

4p Sample Distillate Residue Amt.
Vol. Wt. Vol. Wt. Vol. Wt. Absrbd. oF

CC. gms. CC. gms. CC. gng. pms. C.
FBO ome 0 me= mem === "== TBB.5

750 === 0 ===

Bottoms b

Bottoms c

Product#* 8300 720.0 207 202.5 560 489.2 16.2

800 707.1 44 38.5 T50 664.4 -0.7

800 709.7 34 30.0 766 677.8 0.7

800 708.5 37.4 32.7 - 6759

800 705.8 35.4 T63 669.2

Feed a

Feed b

Feed c¢

Feed 4

Feed
(redist.)

131.2 34.1 97 .2

Bottoms =

* Overhead Product or Forerunnings.
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Be TABULATION OF DATA

Determination of Number of Theoretical Plates 1n Laboratory

Rectification Column

Sample into distilling flask:

42.5 cc. of benzene

457 cc. of toluene

Total reflux.

Temperature at top: 83°C.

Temperature at bottom: 106 °C

Viscosity Determination for the Calibration of Reflux Flowmeter

Datwald viscometer « 5 cc. sample

Temperature

Ym
a

Time

SeC8e

Density

gms ./cc.
A—

Nater

Product

25.8

25.5

25.4

20.0

25.5

Sh A

81.0

8l.4

81.4

62.0

58.5

50.5

0.885

The density was measured with a Westphal balance.
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1a]
“ve SAMPLE CALCULATIONS

Calibration of Reflux flowmeter (Orifice)

Orifice diameter - 0.762 in.

Inside pipe diam. - 1.610 ins.

 [2g R%Hom [REE1-8

- Weight rate of discharge, lbs./sec.

¢ -- Coefficient of discharge (no dimensions)

Y -- Expansion factor; for liquids Y=1 (no dimensions)

A -- Cross-sectional area of discharge opening, sq. ft.

g, - Acceleratién due to gravity, ft/sec.2

A -- Density at upstream temperature and pressure, 1bs./cu.ft.

AH -- Orifice pressure differential, feet of fluld of upstream
density

AB -- Ratio of orifice diameter to inside diameter of ploe

falculation of C:

Re~-
 vr

 TT DD AM

A —-- Vigcosity of fluid at orifice, 0.000672 x centipoises

D -- Orifice diameter, feet

w -- Weight rate of flow, lbs./sec.

To determine viscosity (Ostwald method)

Me tL
Ma 7t,



Aes

r -= Density of forerunnings at temp.T.

A Time to flow in voscometer at temp. T., 8ecs.

po--
o,-
ha

Viscosity of forerunnings at temp. T., centlpolses

Density of water at temp. T.

Time for water to flow in voscometer, secs.

Mz.-- Viscosity of water at temp. T., centlpolses

Ww, oz (0.555) (00.2). (0.883) . 0.561 centi-
(1.00)(81.4) poises

for the Reynolds number (Re) equation:

Lowest flow rate,q = 410 gals./hr.

(410)(8.345)(0.885) = 0.840 1lbs./sec.
3600

Re (40.840) - 44,700
(3.142) (0.762/12) (0.000672) (0.561) ’

From a curve of Re versus @ , C can be determined ( Fig. 12,
page 852, Perry.)

C:- 0.61 and since this isthe lowest flow rate, C
equals 0.61 for the entire calibration range.

Calculation of A’

A: T/4(D2/144) = sq,

. (0.785)(0.762)°

14h

ft. of Glscharge opening

J).00316 sa. ft.

Calculation of oH

N\

Manometer fluid: forerunnings over mercury

. (13.60- 0.885)(h) : h = msnometer reading
(12)(0.885) in inches

Jalculation of &amp;

(3 . Da/D7 = 0.762
1.610

- 0.473



In order for w to read in gallons/hour directly,

multiply orifice equation by:

3600
(8.345)(0.885)

1  2 3

mid
ey

L a [2a28)CYA A qT.3%
-

- gals./hr.

(2)(32.2)(0.885x62.4)2(1.2) (h)(488)(0.61)(1)(0.00316) nd DOI20sVv L - 0.473%

h
ins.

1.1

1.5

0.1

&gt; (0.942)4/ 248,000 Vh
(0.942) (498)Vh = 469Vh

Meter read. Calc. Flow Per cent difference

410 Loo (82/492)100

(44/574)100 7.7

(170/1410)100 12.1

530 574

1240 1410



Calibration of Rotameter Measuring Product (Forerunnings):

(sece./cc.) (3600/3785)  Zz 1 3 ns/hour

(sec./cc.)(0.952)
-

as

Meter
Reading

gals./hr.
Time
g86C8.

Volume
S88.

567

948

948

948

Calculated Flow
_ pgals./hr,

(567/63)(0.952) = 8.57

(948/107)(0.952) = 8.43

(948/83)(0.952) = 10.9

(948/69)(0.952) = 13.1

(567/111)(0.952) = 4.87

10 63

0.9 107

12.5

15.0

33

A9

4,95 111 S567

Meter Readlng
~gals./hr.

Calculated
Rate

gals./hr.

Differences Per Cent
Difference

o_gals./hr.
10 8&amp;7 1.43

1.55

1.61

1.9

14

3.9

12.5

8.43

10.9

18

L3

15.0 13.1 L3

4.95  Lh 87 0.08 16

Average difference in reading from actual: 15%
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D ITOCCATION OF ORIGINAL DATA

Calibration of flow meters

Data on forerunnings column

Viscosity determination

Liquor analysis:

Run 1

Run 2

Run 3

Run 4

Run 5

Calibration of laboratory

32

82

32

T4

74

T4

74

74

{

6,7,9,10
4  oe

i

112 - 114

115 « 117

114,115,117=-119
120 - 141

142 - 157

119

rectification column
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