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ABSTRACT 

The sulfuric acid catalyzed reaction between isobutylene 

and phenol was carried out in a continuous stirred tank reac¬ 

tor at atmospheric pressure. 

The sulfuric acid to phenol mole ratio in the liquid 

feed rate was 0.0206 throughout the experiment. 

The isobutylene food rate to phenol feed rate ratio was 

maintained at 0.537 ± 0.052 raoles/oole throughout the experi¬ 

ment. 

The reaction was carried out at temperatures of 192°F, 

230°F, and 276°F and at holdup times of from eight to thirty 

minutes based on the total liquid feed rate. 

The composition of the reaction product was determined 

with the aid of a gas-liquid chromatographic column. 

Under tbs conditions of this investigation no reaction 

rates or specific rate constants could be determined as the 

composition of the reaction mixture did not change greatly 

with the holdup times investigated. 
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I. INTRODUCTION 

The purpose of this investigation is to study the sul¬ 

furic acid catalyzed reaction between phenol and isobutylene. 

The alkylated phenols are used in the manufac ture of 

phenolic resins, antioxidants, and oil additives. 

The reaction for alkylating phenols has attracted the 

attention of many investigators for mny years. Phenol has 

been alkylated with alkyl halides, alcohols, and olefins. 

Various substances have been used as catalysts, including 

H2S04, BF3, and A1C13. 

The literature contains many reports on the alkylation 

of phenols, but these reports are concerned only with yield 

and the variables affecting yield and not with the reaction 

rate constant. An article by H. I. Shuikin gives a 

fairly complete list of references and brief descriptions 

of some of the more significant papers, up to the year 1959, 

on alkylation of phenols. 

Because of the difficulties inherent in the differentia¬ 

tion of experimental data, a continuous flow stirred tank re¬ 

actor was used in this investigation. This type of reactor 

allows, with sufficient stirring and attainment of steady 

state, the rate constant to be evaluated by the use of al¬ 

gebraic equations instead of differential equations. 
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II. THEORY 

A, The Reaction 

The reaction of phenol with isobutylene as catalyzed by 

sulfuric acid is a typical Friedel-Crafts reaction. Trie 

formation of a eartoniura ion is a necessary condition for 

the reaction to proceed. The sulfuric acid attacks the 

double bond of isobutylene and produces a carboriimi ion as 

follows: 

H2S04 + (C^)2C-CH2t^±r(C^)2CCH3 + HSO’ 

Tils carbonium ion is very stable as the positive charge is 

on a tertiary carbon atom. This carbonium ion attacks phenol 

which has the following resonance structures: 

+OH +OH 

Hie reaction of phenol with the carbonium ion is thus: 

OH OH 

0 + <cw 0 
C(C^ 

Thus the overall reaction is: 

+ 

OH 

jl + 

H2S°4 OH 

0 Eqn. 1 
€(0^3)3 

OH £-t>butylphenol 

Hie ortho fora [^j]C(C,^)3 a-t>bufcylphenol is not as 

thenaodynanically 3table as the para fora £l)s therefore, 

little is formed under normal circumstances. Results of 

tills investigation show chat the mole ratio of 2L"t.”butyl-- 
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phenol to o-t-butylphenol formed lies in the range from 3 to 10. 

Since there are two more possible sites for proton at¬ 

tack the di- and trialkyla tod phenols can be formed if the 

carboniun ion concentration in high enough. The overall re¬ 

actions are: 
OH 

+ 2 (CH3)2CZCH2 

H„SO. 
2 4 

OH 

(3F<CH3>3 
C(C H3)3 

Eqn. 2 

also: 
OH 

+ 2(CH3)2C=CH2 

H2S04 

2,4-di-t-butylphenol 

^rf<CH3’3 (CH3)3C 

Eqn. 3 

2,6-di-t-butyipb.enol 

The 2,6-di-Jt-butylphenol is not as thermodynamically stable 

as 2,4-di-t.-butylphenol therefore, very little, if any, 

is formed under normal circumstances. This was confirmed 

by the results of this investigation. 

And: OH 

(^j) +3 (CH3)2C:CH2 

H2S04 
■ <CH3)3C^S|p(CH3)3 

C(CH3)3 ^ 

2,4,6-tri-tybutylphenol 

The ether car. be formed in a similar manner, thus: 

4- (CHj^CrCHg 

H^SO4 
Q.C(CH3)3 

Eqn. 5 

phenyl jt-butyl ether 

The alkylated phenyl echers, such as t-butyl £-t>butylphenyl 

ether, can also be formed. However, others have found 

that the ethers are extremely unstable in the presence of 
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catalysts or temperatures above 40°C. Since a catalyst and 

reaction temperatures of 90 to 14CP C were used In this Inves¬ 

tigation, ether formation Is Improbable. Tills fact was con¬ 

firmed during the analysis of the reaction product. 

The carbonlum Ion can also attack Isobutylene in the 

following manner: 
+ H2S°4 

(CH3)3C +(CH3^C:CH2 (CH^C-CHaCH^ + h^C=C(CH^CH2C(CHj)3 + H 

Also, higher addition products can be formed. The above re¬ 

actions are unlikely If sufficient phenol Is present to re¬ 

act with the carbonlum Ion. 

B. The Bate Equations 

The use of the continuous flow stirred tank reactor for 

determination of the reaction rate constant was first pro¬ 

posed by K. G. Denbigh (2)(3)(4)(5)# 

If It is assumed that the reaction mixture is stirred 

sufficiently to eliminate mass transfer effects, the material 

balance equation written around the reactor is: 
d(vcj)R - u-w)- u'wj. +■ R, V,, Eqn. 6 

^ —’ll O O J K 

where: 

(V^ ® Volume of the reaction mixture 

(Cj)R» Concentration of component j in the reactor, 
moles/unit volume 

t «* Time 

ui ” Hass flow rate Into the reactor, moles/unit time 
Vj| » Hole % of component j in the incoming flow 

Uo “ Hass flow rate out of the reactor, moles/unit time 
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W© « Male % of component j in outgoing flow 

Hj «* Bate of production of component j, moles/unit 

voluiae/unit time, disc to chemical reaction. 

At steady state 
d(VCj)R _ 

Thus, 

From the Law of Haas Action 

Bj = < UoWJ - Uiwi >/ VR Eqn. 7 

J I J K 
R j — f ( kj CjCj ‘ * ■/ kj Cj Ck’' ’, <2tc,) 

where 

Eqn. 8 

kJ+X+ ... f£j « the specific rate constant, 

J+-X+ ... » order of the reactions 

Thus the specific rate constant can be evaluated using 

the algebraic equations (7) and (8). 

The reactions being considered here, assuming no ether 

or 2,6«di-t>butylphcnol formation, and that the reverse reac¬ 

tions ore negligible (as others hove shown a 90% or better 

completion are: 

ut^lens  >- cn-£-butylphcnol Sqn. 9 Phenol + Isobutylene 
(a) 

Phenol + Isobutylene 
(a) 00 

p-t-fcutylphenol 
<d) Eqn. 10 

o-t-butylphenol + Isobutylene -~2,4-di-£-butylphenol Eqn. 11 
(c) <b) (e) 

k4 
g-t-but^lphonol * Isobutylene —2,4-di-t-butylphsnol Eqn. 12 
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2 • 4-di-t-butylphenol + Isobutylene —’-?>4,6-tri-t-butylphenol 

*~(e) (b/ ~(f) 

Eqn. 13 

Thus, the equations for the Lai? of Hass Action, Eqn. 
dC 

for o-t>buty lphenol: = k^c® - 

for £-t-butylphenol: Rd r ^ - k4c^ 

d C 
for 2,4-di- t>bu tylphenol: Rct: —2 = ^ c^+ k5c^ c ® 

for 2,4,6-tri-Jfc-buty lphenol: Rf = k5cFc® 

8, are: 

Eqn. 14 

Eqn. 15 

Eqn. 16 

Eqn. 17 

One scheme to determine the specific rate constants is 

as follows. At very short reaction times no 2,4-di-t-butyl- 

phenol or 2,4,6-tri-t-butylphenol will have formed. Therefore, 

Eqn. 14 becomes 
dC A B 

Rc-if - k1CaCb Eqn* 18 

dCd A B 
and Eqn. 15 becomes R. = 0 ~ k C C. d dt 2 a b Eqn. 19 

Thus if the concentrations Ca and Cb can be obtained over 

various holdup times before any 2,4-di-t>buty lphenol and 

2,4,6-tri-t:-butylphenol are formed, the order of the reaction 

(Eqn. 9 and Eqn. 10) A + B, along with the specific rate con¬ 

stants k£ and k2 can be determined through the use of Eqns. 

18 or 19 and Eqn* 7* Next the reaction time can be increased 

so that 2,4-di-_t-butylphenol is also formed without having 

any 2,4,6-tri-t-butylphenol formed. Then using the results 

obtained from Eqns. IS ?nd 19 the C + B and D + B order of 

reaction (Eqns. 11 and 12 respectively) and k3 and k4 can be 



7 

determined. The reaction time can ag?.in be increased so that 

2,4,6-tri-t>butylphenol is also produced. The order of the 

reaction of Eqn. 13, E + B, and K5 can then be determined. 

Also since k]_, k2» and 1*5 are known a check on the previous 

calculation of k$ and k4 can be made by combining Eqn, 17 and 

Eqn. 16 and Eqn. 15 and solving these two combined equations 

for k3 and k^. Thus 

Eqns. 14 and 15 give - <^c®(k, + k2)-k3c^c® - Eqn. 20 

Eqns. 17 and 18 give Rq+ r Eqn. 

Eqns, 20 and 21 are two algebraic equations containing two un¬ 

knowns and can be solved for k3 and k4. 

Another scheme to determine the specific rate constants 

is as follows. Combining equations 7 and 8 for o-t>butyl- 

phenol using Eqns. 9 and 14 the following equation is obtained. 

<uowo-uiwi>c/vR z Rc - Eqn. 22 

(Wi)c ■* 0 as pure reactants, phenol and isobutylene, are 

used/ Thus dividing through both sides of Eqn. 22 by the 

following equation is obtained: 

<u0w0)c/vR <£ 
    _ h — k3  

4 Eqn. 23 
c 
Cc (U0V\S)C/VR 

Since kx and k3 are constants and and —cjc|— 0X6 

variables Eqn. 23 is an equation of a straight line of the 

form y - a + bx. Thus ki is the intercept and k3 the slope 
(uc w0)c//R cfc 

of Eqn. 23. A plot of versus ~pT 
a '"'b ^a 

will give a straight 
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line from which and k3 can be determined. 

For £-jt-butylphenol Eqn. 23 becomes 

<uo %>dA - k . k 4. Eqn. 24 
A B 2 4 A cb ^ 

For 2,4-di-t:-butylphenol Eqn. 23 becomes, assuming no 

2,4,6-tri-t>butylphenol formation: 

(uo wol/VR CC cbB) = > Eqn. 25 

If 2,4, G- tri-_t-butylphenol is formed Eqn. 17 can be used 

directly to calculate k^. Thus: 

= *5 Eqn. .26 

Then equation 25 becomes 

(U°WolgA - ksCgCb - k + k Eon 27 
CcCC| - - 3+ 4 cc Eqn. 27 

The difference in the two schemes is an extrapolation 

to zero of the equations 23 and 24 in order to determine k^ 

and k2 in the second scheme. On the other hand in the first 

scheme small concentrations of the reaction products are 

dealt with in determining kj and k£» Thus the choice of 

which scheme should be used to determine ki and k2 depends 

on the accuracy of the analysis of small amounts of o- and 

n-t-butylphenol and the reaction time elapsed before 2,4-di- 

t-butylphenol appears in the reaction product. It so hap¬ 

pened that under the conditions used in this investigation 

the second scheme had to be used as 2,4-di-jt-butylphenol was 

always present in the reaction product. 



III. EXPERIMENTAL APPARATUS AND MATERIALS 

9 

A. Materials 

The materials used in this study are as follows: 

Phenol*, U. S. P., Mallinckrodt Chemical Company, St. 

Louis, Mo. 

Isobutylene, Pure, Phillips Petroleum, Bartleville, 

Ok la. 

Sulfuric Acid, Cone., Fisher Scientific Company, 

Fair Lawn, N. J. 

B. The Reactor 

The reactor which is constructed of Pyrex glass is 

shown in Figure 1. The original design of the reactor was 

obtained from R. C. Crooks 

The four gas distributor tubes on the stirring rod pro¬ 

vide shearing force to break the gas bubbles as they enter 

the reactor. Intimate gas-liquid contact is provided for 

by the fact that (a) the length to diameter ratio is approx¬ 

imately 4:1, (b) the reactor is well baffled, and (c) there 

are four sets of four bladed paddles with the blades in¬ 

clined at an angle of 45° with the horizontal. 

The reactor has two service tubes, located near the top 

of the reactor, one of which is used for a thermocouple well 

and the other is used both as a sampling port and as a mano¬ 

meter tap. 

The liquid level in the reactor is determined by the 

liquid outlet tube. 



FIGURE 1„ The Reactor 
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The liquid reactant enters the. reactor through a side 

inlet tube and the gas enters the reactor through the dis¬ 

tributor tubes via the gas inlet tube on the bottom of the 

reactor, 

C. Experimental Apparatus 

Hie experimental apparatus is shorn in Figure 2. 

Phenol and sulfuric acid are mixed in electrically heated 

Pyrex glass bottle A. This reactant mixture flows from the 

bottle through electrically heated, 12mm Pyrex glass tubing, 

which contains needle valve B and rotameter C, and into the 

reactor. The reactant mixture is stirred by stirring motor 

E. Hie speed of this motor is controlled by a variable 

transformer. 

Isobutylene contained in cylinder F flows through 

needle valve G, through rotameter H, and into the bottom of 

the reactor. 

Hie reactor is in an electrically heated dibutyl phthal 

ate bath. The temperature of this bath is controlled by a 

mercury thermoregulator. 

Hie product is siphoned from the reactor through elec¬ 

trically heated Pyrex glass tubing I, and collected in pro¬ 

duct receiver J. 

Hie unreacted isobutylene flows through Pyrex glass tub 

ing K, through wet test meter L, and is vented. 
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IV. EXPERIMENTAL TECHNIQUE AND MEASUREMENTS 

A. Experimei tal Measurements 

The density of the phenol-sulfuric acid feed was de¬ 

termined by the use of a 25 ml pycnometer. The pycnometer 

was placed in a thermostated oil bath and allowed to reach 

thermal equilibrium before weighing on a balance which had 

a sensitivity of + 0.05 mg. Reagent grade phenol was used 

to calibrate the pycnometer. 

The density of the reaction product was determined in 

the same way as the phenol-sulfuric acid feed. Only the 

product from one run was used in this determination. These 

densities are tabulated on page 52 in the Appendix. 

The volume of the reactor was determined by measuring 

the height of a known volume of water in the reactor at 

room temperature. A meter stick was used to measure the 

height and a graduated cylinder was used to measure the 

volume of water. The calibration curve of height vs volume 

of the reactor is given on page 5in the Appendix. 

The temperature of the oil bath and of the reactor was 

determined by the use of iron-constantan thermocouples in 

glass tubing wells in connection with a recording potentio¬ 

meter. 

The input and output liquid rates were determined by 

weighing timed samples. 

The Input gas rate was determined from a calibrated 

rotameter. The rotameter was calibrated by a wet test meter. 
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The calibration curve is given c,n page 50 in the Appendix. 

The determination of the composition of the reactor pro¬ 

duct was accomplished by the use of a Beckman GC-2A Gas 

Chromatograph containing a Beckman Catalog Number 74346 (Sil¬ 

icone or. Firebrick) gas-liquid partition chromatography 

column. A Hamilton Microliter Syringe with a Chaney adaption 

was used to introduce the liquid sample into the chromato¬ 

graph. The volume of the sample x?as approximately 3 micro- 

liters. The weight of the sample used was determined by 

weighing the full and empty syringe on a balance with a 

sensitivity of + 0.05 c^g. The weight of the sample was be¬ 

tween 4.00 and 5.00 mg. 

The column temperature, 190°C, and the carrier gas 

(helium) pressure, 29.5 psig, were kept constant. 

The data obtained were peak heights in cm. The data, 

peak height vs weight of an individual component in the sam¬ 

ple, was fitted tc t first 01021 polynomial by the least 

squares method. The results of these calibrations are given 

on page 58 in the Appendix. The materials used in these 

calibrations were: 

Phenol, Reagent, J. T. Baker Chemical Co. 

Acetylene tetrachloride, Reagent, Fisher Scientific Co. 

Para-t-butylphenol, Practical, Matheson, Coleman & Bell Co. 

2,6-di-tz-hutylphenol, Practical, Matheson, Coleman & Bell 

Co. 

Isobutylene, Pure, Phillips Petroleum Co. 

The samples for calibration were made up in the follow- 



ing manner: (a) phenol. /Lphenol. and 2, 6-di-tybutyl- 

phenol were weighed out and dissolved in a weighed amount of 

acetylene tetrachloride, (b) isobutylene was bubbled through 

the sample, and (c) the sample was weighed and the amount of 

isobuty"ene present was determined by difference. 

Since the compounds o-J:-buty 1 pheno 1 and 2,4-di-t-butyl- 

phenol were not available in the pure form calibration sa^iples 

were obtained by conducting a batch reaction. 

This batch reaction wa ? conducted in the following man¬ 

ner: (a) phenol was weighed out and disso",yed in acetylene 

tetrachloride, (b) isobutylene was bubbled through the solu¬ 

tion and the amount of isobutylene in the solution determined 

by difference, (c) sulfuric acid was added to the solution, 

and (d) samples for calibration were taken periodically. 

By controlling the amount of isobutylene in the solution 

before sulfuric acid addition the composition of the reaction 

product could be rrt. Thus, r.-JL.-butylphenol could be present 

in the reaction product without having any 2,4-di-^t-butyl- 

phenol present. In the calibration of o-t>butylphenol the 

reacting components present in the reaction mixture were 

phenol, isobutylene, £-^C*butylphenol. The calibration curves 

for phenol, Isobutylene, and £-t:-butylphenal were known. 

Therefore-, their weight in the reaction mixture was known. 

Since a known amount of phenol and isobutylene were present 

in the original mixture and the amounts of phenol, isobuty¬ 

lene, and jj-jt-butylphenol in the reaction mixture were known 

the amounts of phenol, and isobutylene reacted to form o-t- 
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butylphenol ware determined. Equation 5 was used in calculat¬ 

ing the amount of o-j:-buty Ipharto 1 present in the mixture. The 

amount of isobutylene reacted was used in this calculation in 

preference to using the amount of phenol reacted because there 

was only a small amount of phenol reacted. The amount of 

phenol in the reactant mixture had to be in excess with re¬ 

spect to the amount of isobutylene present so that 2,4-di-t> 

butylphenol would not be present in the reaction mixture. 

The above procedure was repeated in the calibration of 

2,4-di-t>butylphenol. The calibration curves previously de- 

t rmined for o-t>buty1pheno1 were used for finding the amount 

of o-jt-butylphenol in the reaction mixture. Hie amount of 

phenol in the reactant mixture had to be in excess with re¬ 

spect to the amount of isobutylene present so that 2,4,6-tri- 

t>butylphenol would not be present in the reaction mixture. 

Therefore, the amount of isobutylene reacted to form 2,4-di-t- 

butylphenol was used along with Equation 2 in the calculation 

of the amount of 2,4-di-t-butylphenol in the reaction mixture. 

E. Experimental Technique 

Hie phenol-sulfuric acid feed was made up in the follow¬ 

ing manner, (a) approximately 2 kilograms of phenol were 

weighed to the nearest gram and added to the feed tank, (b) 

the weiglit of sulfuric acid needed was calculated and the 

amount weighed to the nearest tenth of a gram, and (c) the 

sulfuric acid was added to the feed tank and the contents of 

the feed tank were thoroughly stirred, whereupon, a slight 

increase in tempei-ature was observed. 
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The reactor was filled with the phenol-sulfuric acid feed 

and some of the phenol-sulfuric feed was discharged through the 

outlet tube ;o activate the siphon system of the outlet tube. 

Since the reaction is exothermic and since the bath tem¬ 

perature and not the reactor temperature was controlled the 

temperature of the bath had to be set while the reaction was in 

progress. 

After the correct temperature was set the feeds were shut 

off and the reactor temperature allowed to drop to the bath tem¬ 

perature. The feeds and stirrer were then started and the timed 

run began when the temperature of the reactor was constant. 

Timed samples of the liquid product were collected and 

weighed during the run. 

When the reactor contents had gone through approximately 

five volume turnovers a sample of the liquid product was col¬ 

lected in a flask containing carbon tetrachloride. A portion of 

this sample was immediately introduced into the chromatograph 

for analysis. This analysis consumed approximately 30 minutes. 

Wiile the sample was being analyzed the volume of the re¬ 

actor was determined by stopping the gas and liquid feed into 

the reactor simultaneously and then immediately afterward the 

stirrer was shut off. The height of liquid in the reactor was 

then measured with a meter stick. 

After the reactor volume was determined the rotameter in 

the liquid feed line was adjusted to the same value used dur¬ 

ing the run and the phenol-sulfuric acid feed rate was deter¬ 

mined by weighing timed samples. 
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V. EXPERIMENTAL RESULTS 

The experimental results of this study are given in 

Tables 1, 2, 3, 4, and 3. The percent conversions of each 

reaction product, moles/mole of phenol reacted, are shown 

as a function of holdup time in Figure 3* The data gathered 

in this experiment are given in Table 1 in the Appendix. A 

sample of the calculations used in obtaining the experimental 

results from the experimental data is also given in the ~ip- 

pendix. 

The following operating conditions were held as con¬ 

stant as was possible throughout the experiment: 

Operating Condition 

Phenol-sulfuric acid weight 
ratio in liquid feed rate 

Isobutylene feed rate to 
phenol feed rate ratio 

Stirrer Speed 

Number of reactor volume 
turnovers based on the 
liquid feed rate during 
a run 

Value Average Deviation 

2.06 moles of ± 0.01 
acid per 100 
moles of phenol 

0.537 moles ±0.052 
Isobutylene per 
mole phenol 

1200 rpm 

5 

The esperimental conditions of runs 1 and 2 were made 

as similar as possible, so that they may be considered as 

duplicates. This is also true for the pairs of runs 6 and 7, 

and 8 and 9. The order in which the runs were made was 1, 2, 

15, 5, 12, 10, 9, 7, 11, 8, 3, 13, 6, 4, and 14. 
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TABLE 1. OPERATING CONDITIONS 

. \ Isobutylene 
Holdup'3' Isobutylene Phenol Phenol 

Run 
# 

Reaction 
Temp, °F 

time ? 
min 

Feed Rate 
gms/min 

Feed Rate 
gms/min 

Feed Fate 
moles/ioole 

1 192 7.71 13.40 49.73 0.466 

2 193 8.01 13.20 48.14 0.473 

3 192 14.67 8.70 26.53 0.565 

4 193 28.44 3.80 13.62 0.482 

5 192 30.53 3.90 13.04 0.517 

6 230 8.58 13.40 44.10 0.525 

7 231 8.85 13.40 42.95 0.539 

3 230 13.35 8.70 28.52 0.527 

9 229 14.27 8.70 26.65 0.564 

10 231 17.38 8.70 22.40 0.671 

11 230 31.02 3.90 12.42 0.542 

12 276 8.00 14.20 44.18 0.555 

13 276 14.23 8.70 25.54 0.581 

14 276 28.87 3.80 13.10 0.502 

15 276 32.60 3.90 12.42 0.542 

(a) Holdup time - (Reac tor Volirne, nl) / (Volumetric Li 
Rate, ml/min) 

quid Feed 
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TABLE 2. REACTOR CONCENTRATIONS, woles/1 

Run 
# 

Sulfuric 
Acid# 
X 10* 

Isobuty¬ 
lene Phenol 

o-t- 
butyl- 
phenol 

D-t- 
Sutyl- 
phenol 

2,6-di-t- 
butyl- 
phenol 

2,4-di¬ 
butyl- 
phenol 

1 2.24 1.2 6.03 0 • 39 0.912 0.02 0.601 

2 2.24 1.1 5.84 0.40 0.925 0.02 0.717 

3 2.14 1.4 5.58 3.5$ 1.23 0.03 0.446 

,*■ 
H- 2.24 0.9 5.41 0.43 1.40 0.01 0.523 

5 2.24 1.0 5.54 0.33 1.22 0.01 0.620 

6 2.14 1.1 5.57 0.43 1.32 Q.Q1 0.412 

7 2.14 1.4 5.23 0.41 1.35 0.01 0.528 

Q 
O 2.14 1.2 5.29 0.36 1.56 0.0 0.451 

2.04 1.3 5.20 0.40 1.42 0.01 0.523 

10 1.94 i • 4.70 0.43 1.66 0.01 0.523 

11 2.14 1.0 4.73 0.29 1.82 0.0 0.611 

tZ 2.04 0.9 4.51 0.34 2.06 0.01 0.407 

13 2.04 \ ‘f 1 . X 4.21 Q. 27 2.19 0.0 0.456 

14 2.14 ■;"v 7 
W# / 4.53 0.17 2.34 0.0 0.363 

15 2.04 n> 0 4.22 0.13 2.32 0.0 0.504 
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TAJSLS 3. VARIATION IN THE COMPOSITION OF THE REACTION 

PROSE'/CT wiiii Tim mmim OF REACTOR vomm 

TORNOVERS 

Run 
# 

# Volinas 
Turn¬ 
overs 

Isofcufcy- 
leue 

Reactor Concentrations, sioles/X 

o-J;- .o-J:- 2,6-di-t- 
Futyl- butyl- butyl- 

Phenol phenol phenol phenol 

2,4-di-t 
butyl- 
paenol 

5 3 1.0 5.33 0.37 1.12 0.02 U. 343 

z* 5 1.0 u .10 0.35 1.29 0.01 0.320 

0 
**■ 3 1.2 5.01 0.37 1.42 0.01 0.647 

9 5 1.3 5.20 0.40 1.42 0.01 0.523 

11 3 0.9 4.86 0.31 1.8b 0.0 0.552 

11 5 1.0 4.73 0.29 1.82 0.0 0.611 

15 3 0.7 4.13 0.14 2.42 0.0 0.509 

15 5 0.9 4.22 0.13 2.32 0.0 0.504 
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TABLE 4. DUPLICATED REACTION PRODUCT ANALYSES 

Run Reactor Concentrations, moles/1 

Isobuty¬ 
lene Phenol 

o-Jt> 
Futyl- 
phenol 

£“t- 
butyl- 
pnenol 

2,6-di-t> 
feutyl- "" 
phenol 

2,4-di~t> 
butyl- 
phenol 

S Original 1.2 5.29 0.36 1.56 0.0 0.451 

8 Duplicate 1.0 5.27 0.39 1.61 0.0 0.431 

11 Original 1.0 4.73 0.29 1.32 0.0 0.611 

11 Duplicate 1.1 4.78 0.30 1.79 0.0 0.591 

13- Original 1.1 4.21 0.27 2. IS 0.0 5). -4 5 6 

13 Duplicate 1.1 4.11 0.26 2.20 0.0 0.459 
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TABLE 5. PERCENT CONVERSION' 

Percent Conversion, Koles/mole of phenol reacted 

Reaction 
Temp, °F 

Holdup 
Tim, rain 

o-t.~ 
Futylphenol 

A”t_- 
Futrlphenol 

294-di-t> 
butylph&n 

192 7.71 20.4 47.9 31.7 

192 8.01 19.5 45.3 W*,*? • X* 

192 14. u? 22.4 56.9 20.6 

192 23.44 18.0 59.6 22.5 

192 30.3 3 16.7 56.2 27.1 

230 8.53 19.0 62,4 13.6 

230 8.35 18.0 55.0 23.0 

230 13.35 15.2 65.8 19.0 

230 14.27 17.0 60.7 22.3 

230 17.33 16.5 63.4 20.0 

230 31.02 10.6 66.9 22.4 

276 8.Q0 12.1 73.4 14.5 

l / o 14.23 9.4 74.9 15.7 

276 28.87 5.6 81.5 12.y 

276 32.60 4.5 73.5 17.0 
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VI. DISCUSSION 

A. Experimental Technique 

Originally anhydrous aluminum chloride was used as the 

catalyst in this study, but because of the following diffi¬ 

culties sulfuric acid was used. 

When aluminum chloride was mixed with phenol in the 

feed tank a true solution was not formed as the mixture sep¬ 

arated into two distinct layers when it was left standing 

for any period of time whitout agitation. The upper layer 

was clear and had the appearance of either a pure substance 

or a true solution. The lower layer, however, was cloudy 

and appeared tube a suspension of very fine solids in a 

liquid. 

The phenol-catalyst feed must flow through approximately 

six feet of tubing from the feed tank to the rotameter where 

the flow is metered. This situation allows some separation, 

thus density differences, in the flow through the rotameter 

even though the contents of the feed tank are well stirred. 

The rotameter float and thus the flow rate could not be held 

constant because of these density variations. This situation 

was also aggravated by the fact that some sizeable aggregates 

were formed in the system* 

Because of the difficulties involved in mixing aluminum 

chloride with phenol a solvent for the aluminum chloride was 

considered. No suitable solvent could be located that did 

not enter into the reaction or in which the solubility of 
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aluminum chloride was great enough not to cause solvent ef¬ 

fects in the reaction. 

Feeding solid aluminum chloride directly into the liquid 

inlet tube on the reactor was tried next. This procedure was 

unsatisfactory because it was difficult to feed the aluminum 

chloride at a constant rate. Also, the addition of aluminum 

chloride caused large quantities of hydrogen chloride gas to 

be given off which disrupted the feed into the reactor and 

caused occillations in the reactor volume. 

Because the reaction product continues to evolve hydro¬ 

gen chloride, due to the anhydrous aluminum chloride, the si¬ 

phon system on the outlet tube was adversely affected and in 

some cases the siphon was broken. These effects caused the 

volume of the reactor to fluctuate throughout a run. 

It was decided to use a sulfuric acid catalyst as it 

is soluble in phenol, evolves no gases on mixing with the 

reaction system, and its catalytic activity should be simi¬ 

lar to anhydrous aluminum chloride in that both are used as 

catalysts in Friedel-Graft reactions (6)* The anhydrous 

aluminum chloride in phenol caused the mixture to turn a 

brown or dark red color when this mixture was allowed to 

stand for iciy length of time. This color change was due to 

the oxidation of the phenol. The oxidation reaction of 

phenol was very slow in the sulfuric acid-phenol mixture as 

evidenced by the fact that the color of the mixture turned 

to light brown very slowly. 

Except for the color changes in the phenol catalyst 
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mixture the catalytic activities could not be compare! be¬ 

cause the presence of the sulfuric acid increased the solu¬ 

bility of isobutylene in the reaction product tremendously. 

With anhydrous aluminum chloride as catalyst the presence of 

isobutylene could not be detected in the analysis of the re¬ 

action product. With sulfuric acid as catalyst the reaction 

product contained as ouch as 0.03 grans of isobutylene per 

milliliter of reaction product. Since no excess isobutylene 

was evolved from the reaction during any of the runs, it is 

probable that the solubility of isobutylene in the reaction 

mixture is greater than 0.08 grams per milliliter. 

The number of reactor volume turnovers which were needed 

to have the reaction at steady state was determined to be 

five with anhydrous aluminum chloride as catalyst. The data 

obtained in this determination are plotted in the Appendix 

on page 52, The speed of stirring necessary to eliminate 

mass transfer effects was determined with anhydrous aluminum 

chloride as catalyst by changing the stirrer speed while a 

reaction was in progress. Isobutylene output rate, determined 

by a wet test meter, was noted ar the stirrer speed was 

changed. Within the limits of experimental error the iso¬ 

butylene output rate did not change as the stirrer speed was 

varied from 800 to 1200 r.p.m. 

It was assumed that the change to sulfuric acid as the 

catalyst would not affect the number of volume turnovers 

needed for the reaction to attain the steady state condition 

because the only change in the system was that change of 
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catalysts. The validity of this assumption was tested by ob¬ 

taining samples frost the reaction mixture at 3 Reactor Volume 

Turnovers in addition to the camples taken at 5 Reactor Vol¬ 

ume Turnovers. From the results given in Table 3 the assump¬ 

tions that steady state is reached within 5 Reactor Volume 

Turnovers is reasonably correct. 

The stirrer speed was set at 1200 r.p.m. because above 

this speed the stirring shaft developed a dangerous wobble* 

Because of thi3 fact the effect of stirring on the reaction 

product composition wa3 not experimentally determined. 

The reactor temperature range of 192°F to 276°F was 

chosen for this experiment because: (a) above 276°F appre¬ 

ciable vaporisation of phenol would begin to occur as the 

boiling point of phenol is 360°F, (b) since the bath tempera¬ 

ture was controlled .and not the reactor temperature a lower 

limit was placed on the bath temperature so that the reactor 

contents would not freeze when the reaction was not in pro¬ 

gress. The temperature, 192°F, was the lowest temperature 

attainable in the reactor with the highest chosen feed rate 

when the bath temperature was set at its lowest value, 137°F. 

T^e difference in bath temperature and reactor temperature, 

even though these temperatures were constant at steady state 

was due to the fact that the reaction is exothermic and the 

resistance to heat transfer of a liquid film on either side 

of the reactor wall and the reactor wall itself. 

The sulfuric acid to phenol weight ratio was arbitrarily 

decided upon. 



Hie isobutylene to phenol reed rate ratio was set at the 

highest value tha': could be attained over the entire phenol 

teed rate range. At higher ratios and at the highest phenol 

feed rate the gas load in the reactor was such that sufficient 

stirring of the reactor contents was not possible. At these 

conditions there were regions of clear liquid relatively free 

of dispersed gas between the stirrer paddles. At lower gas 

loads no regions of clear liquid were present. 

The phenol feed rate range was limited by the experi¬ 

mental apparatus. The highest phenol feed rate (lowest turn¬ 

over time) was limited by the storage capacity of the liquid 

feed tank (item A, Figure 2). Hie lowest phenol feed rate 

(highest turnover time) was limited by the length of a run 

and the accuracy at low flow rates of the liquid feed rota¬ 

meter (item C, Figure 2). 

B. Error Analysis 

The reactor temperature was known to + 1°F. This error 

was due to the inaccuracy of the temperature recorder, varia¬ 

tions in the feed rates, insufficient heat transfer from the 

reactor, and time lag in the bath temperature control system. 

The volume of the reactor was known to + 1%. The diffi¬ 

culties in reading the meter stick accurately were the main 

source of error. 

The phenol-sulfuric acid feed rate was known to + 5%. 

This error was due to the inability to hold the rotameter 

float constant at a desired point. The rotameter readings vs 
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flow rate curve is rather steep over the range used. 

The isobutylene feed rate was known to + 2.5%. This 

error was due to the inability to hold the rotameter float 

constant at a desired point. The isobutylene enters the re¬ 

actor in slu^s which causes the pressure and hence the rota¬ 

meter float to fluctuate. 

The product rate was known to + 2%. This error was 

due to the fact that the overflow was not continuous due to 

pressure fluctuations in the reactor. 

The sulfuric acid concentration was known to + 2%. 

This error was due to the inaccuracies of the values used 

to calculate its concentration in the react* "n mixture. 

The following concentrations werr determined by cali¬ 

bration curves. 

Component 
Isobutylene 

Phenol 

o-t-butylphenol 

£-_t-butylphenol 

2,6-di-t>butylpehnol 

2,4-di-t>butylphenol 

Average Deviation 
+ 10% 

+ 7% 

+ 12% 

+ 7% 

± 7% 

+ 25% 

Since a large number of samples were used for the calibra¬ 

tion, this error is inherent in the system of analysis. The 

error is greater in o-t-butylphenol and 2,4-di- t-butylpheno 1 

because the other compounds were used in their calibrations 

as the pure substances were not available. The calibration 

equation for 2,4-di-jt-butylphenol given in the Appendix 
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appears to be relatively insensitive to changes in peak height 

over the range used. However, since the material balance re¬ 

sults, Table 6, are quite good it can be said that over the 

range used the calibration equation provides satisfactory re¬ 

sults. 

From the results given in Table 4 it can be seen that 

the reproducibility between samples analyzed within a short 

period of each other is quite reasonable. This same sort of 

reproducibility between samples analyzed within a short period 

of time was obtained during the calibration period. However, 

the calibration period lasted over two weeks (in order to ob¬ 

tain calibrations for a range of concentrat* ns of the vari¬ 

ous materials). Thus unnoticed variations in the operation 

of the chromatographic equipment and sample handling tech¬ 

niques were no doubt a major cause of error in the analyses. 

The reaction mixture compositions of the duplicated runs 

1 and 2, 6 and 7, and 8 and 9 show that the reproducibility 

of the operating conditions is satisfactory. 

Thus, it appears that the largest source of error en¬ 

countered in this investigation is the error of the analyti¬ 

cal procedure used to determine the reaction mixture compo¬ 

sitions. 

The use of a programmed temperature chromatographic in¬ 

strument or the use of dual chromatographic column!* should 

reduce the analytical error and speed up the analysis. 

Hie results of material balance equations between the 

isobutylene and phenol feed rates and the reaction mixture 
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discharge rate are given 5.n Table 6. The amount of isobuty¬ 

lene in the reaction mixture discharge rate was calculated 

by 1) multiplying the reaction mixture discharge rate by the 

concentration of a particular component in the reaction mix¬ 

ture and dividing this product by the density of the reac¬ 

tion mixture,jthus the result of this calibration is the 

discharge rate of the particular component. 2) The dis¬ 

charge rate of a particular component was multiplied by the 

ratiojof the moles of isobutylene contained in the particular 

component per mole of the given component to give the dis¬ 

charge rate of isobutylene in that particular component. 3) 

The discharge rates of the isobutylene in all components in 

the reaction mixture were calculated in a similar manner and 

summed to give the overall isobutylene discharge rate. 4) 

The absolute error in the isobutylene flow rate was calcu¬ 

lated by taking the absolute difference between the iso¬ 

butylene feed rate and the overall isobutylene discharge 

rate. The absolute error in the phenol flow rate was calcu¬ 

lated in a like manner. 

The average absolute error over all runs for the iso¬ 

butylene flow rate was 0.30 gins/min and for the phenol f 7 JW 

rate the average abso? ite error over all runs was 0.53 

gms/min. The average absolute difference between -he' total 

Input and total output rate was 0.40 gms/min. Thus, it can 

be said that the error in the isobutylene and phenol ma¬ 

terial balances is due to the uncertainty associated with 

the measurement of input and output rates. 



Run 
# 

1 

2 

3 

4 

5 

6 

-? 

8 

9 

:o 

11 

12 

13 

14 

15 

V) 

TABLE 6. MATERIAL BALANCES 

Isobutylene Flow Rate, gms/xnin Phenol Flow Rate, gms/min 

Feed Rate Absolute Error Feed Rate Absolute 

13.40 0.41 49.73 0.46 

13.20 0.40 48.14 0.28 

8.70 0.47 26.58 0.38 

3.80 0.12 13.62 0.56 

3.90 0.10 13.04 0.08 

13.40 0.92 44.10 1.02 

13.40 0.16 42.35 0.91 

8.70 0.19 28.52 0.90 

8.70 0.11 26.65 0.81 

o
 • 

C
O
 0.34 22.40 0.89 

3.90 0.23 12.42 0.16 

14.20 0.14 44.13 0.12 

8.70 0.37 25.94 0.76 

3.80 0.14 13.10 0.40 

3.90 0.36 12.42 0.27 
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TABLE 6. MATERIAL BATANC7;- (Continued) 
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Total Input 
Rate, gras/min 

Total Output 
Rate, gms/min 

Absolute Difference 
Between Input and 
Output Rate, gms/min 

63.13 64.00 0.87 

61.34 61.46 0.12 

33.28 35.19 0.09 

17.42 16.85 0.57 

16.94 16.76 0.18 

57.50 57.60 0.10 

56.35 55.60 0.75 

37.22 38.31 1.09 

35.35 36.27 0.92 

31.10 31.65 0.55 

16.32 16.39 0.07 

5S.38 58.40 C. 02 

34.64 34.25 0.39 

16.90 16.63 0.27 

16.32 16.41 0.09 

Avg. 0.40 
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VII. CONCLUSIONS 

The results show that the change in the reactor compo- 

sition is not large enough to permit the determination of 

reaction rates and the specific rate constants. In order 

to determine these quantities holdup times lower than eight 

minutes should be investigated. The experimental apparatus 

used in this investigation limited the shortest holdup time 

to eight minutes. Also, the maximum isobutylene to phenol 

feed rate ratio was limited by the experimental apparatus. 

A way to eliminate both problems would be to decrease the 

size of the reactor and find a suitable inert solvent for 

the reaction mixture. The decreased size of the reactor 

would permit shorter holdup times at the same feed rates 

used in this investigation. The use of a solvent would not 

change the total liquid feed rates and still permit the 

isobutylene to phenol feed rate ratio to be varied. 

By varying the isobutylene to phenol feed rate ratio 

all possible reaction products could be produced. During 

the search for the isobutylene to phenol feed rate used 

in this study a sample from a partial run which had an iso¬ 

butylene to phenol feed rate ratio of about 8.4 moles/mole 

was qualitatively analyzed in which significant quantities 

of 2,o-di-tr-butylphenol and 2,4,6-tri-t-butylphenol were 

present. 

The sulfuric acid to phenol ratio and the isobutylene 

to phenol feed rate ratio are somewhat connected as the 
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sulfuric acid caused the solubility of the isobutylene in 

the reaction product. Solubility of isobutylene in the re¬ 

action product is possibly low enough at low sulfuric acid 

concentrations so that a saturated solution could be reached 

whereupon isobutylene output rate could become substantial. 

A situation of this kind was noted during the search for the 

isobutylene to phenol feed rate ratio used in this study at 

an isobutylene to phenol feed, rate ratio of approximately 

8.4 raoles/mole. At high sulfuric acid concentrations the 

polymerisation of the isobutylene is possible Cl) so caution 

should be exercised in increasing the sulfuric acid to phenol 

ratio to increase the solubility of isobutylene. 

It is the opinion of the author that isobutylene is the 

limiting reactant in the sulfuric acid catalysed reaction of 

isobutylene and phenol. Thus, in future work the investiga¬ 

tion of the isobutylene to phenol feed rate ratio, the re¬ 

action pressure, and possibly the sulfuric acid to phenol 

ratio should be of prime importance. 



VIII APPENDIX 



40 

A. EXPERIMENTAL DATA 



TABLE 1. EXPERIMENTAL DATA 

RUTi $ 1 2 3 4 5 

Liquid Feed 
Rate, gas/tnin 

49.73 43.14 26.53 13.62 13.04 

Gas Feed 
Rate, gras/rain 

13.40 13.20 6.70 3.80 3.90 

Liquid Product 
Rate, gras/min 

64.00 61.46 35.19 16.85 16.76 

Gas Output 
Rate, gras/min 

0.0 0.0 0.0 0.0 0.0 

factor Volume 
ral 

371 373 377 3S2 385 

Peal: Height, eras: 

Isobutylene 520 323 932 392 387 

Phenol 572 453 729 585 504 

o-jt-buty1phenol 48.6 42.9 77.8 59.8 4 /. 0 

£-jfc-bu ty lpheno 1 35.5 30.2 63.8 61.0 48.1 

2,6-di-jt-butyl- 
phenol 

0.59 0.38 1.10 0.10 0.14 

2,4-di-t>butyl- 
phenol 

12.6 11.1 25.0 15.2 13.1 

Reactor Temp., °F 192 193 192 193 192 

Bath Temp., °F 137 130 154 171 175 



TABLE 1. EXPERIMENTAL DATA (Continued) 

Run # 6 7 0 9 10 

Liquid Feed 
Rate, gms/min 

44.10 42.95 28.52 26.65 22.40 

Gas Feed 
Rate, gms/min 

13.40 13.40 8.70 8.70 3.70 

Liquid Product 
Rate, gtns/miri 

57.60 55.60 38.31 36.27 31.65 

Gas Output 
Rate, gms/min 

0.0 0.0 0.0 0.0 0.0 

Reactor Volume 
ml 

373 375 375 375 384 

Peak Height, cms: 

Isobutylene 710 698 715 670 730 

Phenol 792 562 678 566 511 

o-t-butylphenol 75.0 57.5 59.0 56.8 60.8 

fjMr-butylphenol 78.0 59.0 79.5 62.6 73.8 

2,6-di-t-butyl- 
phenol 

0.45 0.35 0.0 0.15 0.30 

2,4-di-_t-butyl- 
phenol 

20.6 16.2 14.5 15.4 20.8 

Reactor Temp., °F 230 231 230 229 231 

Bath Temp., °F 172 162 191 190 191 
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TABLE 1. EXPERIMENTAL DATA (Continued) 

Run # 11 12 13 14 15 

Liquid Feed 
Rate, gms/tnin 

12.42 44.18 25.94 13.10 12.42 

Gas Feed 
Rate, gms/min 

3.90 14.20 8.70 3.80 3.90 

Liquid Product 
Rate, gms/min 

16.39 58.40 34.25 16.63 16.41 

Gas Output 
Rate, gms/min 

0.0 0.0 0.0 0.0 0.0 

Leactor Volume 380 357 373 382 410 
ml 

Peak Height, cms: 

Isobutylene 372 568 615 486 403 

Phenol 427 633 520 710 461 

o-t>butylphenol 37.8 61.2 46.0 36.0 23.5 

£-t>butylpheno1 68.0 116.0 109.5 145.0 104.0 

2,6-di-t-butylphenol 0.0 0.19 0.0 0.0 0.0 

2,4-di- t:-bu tylphenol 9.10 16.1 11.0 7.65 4.2 

Reac tor Temp., °F 230 276 276 276 276 

Bath Temp., °F 214 228 243 258 2.60 
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TABLE 2. SAMPLES .ANALYZED AFTER ORIGINAL SAMPLES 

Run # 8 11 13 

Peak Heights, cms: 

Isobutylene 640 416 548 

Phenol 710 450 460 

o-t-butyIpheno1 66.5 39.8 40.5 

£-t>buty1pheno1 86.0 69.5 101 

2,6«di-t>bu tylphenol 0.0 0.0 0.0 

2,4-di-j:-bu tylphenol 15.4 9.4 10.1 

TABLE 3. SAMPLES TAKEN AT APPROXIMATELY 3 VOLUME 
TURNOVERS 

Run # 5 9 11 15 

Peak Heights, cms: 

Isobutylene 212 455 315 244 

Phenol 340 430 482 455 

£-t:-fcu ty Ipheno 1 35.4 44.0 42.1 24.4 

£-t-butylphenol 31.0 51.0 75.5 108 

2, &-ui*»t-butylphenol 0.3 0.2 0.0 0.0 

2,4-di~t>butylphenol 11.0 11.6 9.9 4.2 



B. SAMPLE CALCULATIONS 



SAMPLE CAVTLATIONS FOR RUN 4 

Sulfuric Acid Input Rate; 

(Total Liquid Input Rate)(Wfc fraction II2SO4) * 

(13.62 gras/min)(0.0291) “ 0.510 gms/tnin 

Sulfuric Acid Output Concentration: 

(Sulfuric Acid Input Rate)(Density of Liquid Product) r. 
Liquid Output Kate 

(0.510 CTis/min)(0.9503 gras/ml) _    o^ozgi^M 

Sulfuric Acid Free Output Rate: 

(Liquid Output Rate) - (Sulfuric Acid Input Rate) ® 

16.85 gms/min-0.510 gms/xnin * 16,34 pm s/nj_in 

Wt Isobutylene in Liquid Output: 

(Peak Height (P.II. )) (Sensitivity (sens.)) a-rb 

* (3.52)(100)(0.01238>+2.6453 

*' 7t5° X 10“6 p,ms 

Wt Phenol ir Liquid Output: 

- (P.H.)(sens.)(0.11970)i-5.S94 

« 76.0!8 X 10“6 gins 

Wt o-JL-butylphenol in Output Sample: 

* (P.H.)(sens.)(0.18218)-1.2573 

~ 9.6280 X 10“6 ms 



Wt jW:-butylphanol Iti Output Sample: 

» (P»H. }(sens. )(0.5227S)-Q. 53430 

- 31.3353 X 10"° gms 

Wt 2,6-di~ t>butylphenol In Output Sample: 

* (P.H. )(sfc.ns. )(0.81133 )*KQ.18393) 

V?t 2,4-di-t>»butylphenol in Output Sample: 

- (P.H.)(sens.){0.015396)+16.0276 

- 16.2844 X 10"6 ffins 
s.sxs a-iaaa,i4A4 

Total Wt In Output Sample: 

Wt Isobutylene - 7.4988 

Wt Phenol =■76.0133 

Wt Ether - 9.6280 

Wt a-t-butylphenol -31.3553 

Wt 2,6-di-t>butylphenol - 0.2651 

Wt 2,4 ~ di -_t-bu t y 1 ph on o 1 =16.2844 

141.0499 X 10"6 ma 



WT. FRACTIONS IN H2SO4 FREE OUTPUT 

Isobutylene 

7.4983 
~ 150333 

Phenol 

» 76.0183 
15055? 

£-t>bu ty 1 pheno 1 

0.05316 

- 0.5390 

9.6280 _ „ nr\i- 

i4'l'.o'495 “ .°.<.9.6,9.2ft 
g~t-bu tyIpheno1 

_ 131.3553 _ 
nr.'gwv Si.222-* 

2,6-di-fr-bu tylphenol. 

0,2651 1 
141.0499 0.001879 

1,4-di-t>bufcylpheno 1 

16.2844 
15055? 

0.1154 



i so -’rn.:T.77. :3ALAIICE 

(H2S0-} Free Output) (Wt Fraction I in Output) 
(VJt Fraction Isobutylene in I) 

For Isobutvlene 

« (16.34)(0.2223)(0.3735) =» 1.3567 Kins/rain 
JLLSri ■ "■■Mi&i'i ■ ,»'■ ijlffiBBiSfffi'Sii 

For 2,6-di-tybutyl phenol 

- (16.34)(0.001879)(0.5439) * 0.0167 sins/rain 

For 2,4-di- t-butrylpher.o 1 

- (IS.34)(0.1154)(0.5439) - 1.0256 gms/tnin 

« (IS.34)(0.05316) 

For 2“ 1:-butylphenol 

- (15.34)(0.06826)(0.3735) 

For j>b- i tylphenol 

Total = 3.6842 Kins/min 
    mum f 

Isobutylene: Input Rate - Calculated Output Kate 



PHENOL BALANCE 

= (16.34) (0.06826) (0.6265) - 0.6988 gins/rain 

For |v-t>butylphenol 

- (16.34)(0.2223)(3.6265) » 2.2757 gms/roln 

For 2,6-di-jt-butylpbenol 

- (16.34)(0.00137S)(0.4561) « 0.0140 arcs/min 

For 2,4-di-t-butylphenol 

« (16.34)(0.1154)(0.4561) « 

Phenol Input Rato 

* (Input Rate)(Wt Fraction Phenol in Input Hate) 

*= (13.62)(.9709) * 13.22 ams/min 

Phenol: Input Rate - Calculated Output Rate 

For Phenol 

= (16.34H0.5390) 

For o-t>butylphenol 

Total, = 12.6558 gms/iain 

- 13.22 - 12.66 

•*» 0.56 gris/min 



Holdup Time Base 3 o~> To fra? T.‘ .< ,‘.d Tn~»-.xt Rato: 

(Reactor Volume)(Input Liquid Density) _ 
(fotaf 'Liquid Rate) 

(332 iiil) (1.134 gus/ral) «n „ 
■* Trtt"fflS7Sn J ~ 

Reactor Concentrations: 

- (Wt Fraction of Cotnponent A)(Output Liquid Density) 

For Isobutylene 

-* (0-9531$)(0.9603) “ 0.05105 gms/ml 

For Phenol 

■ (0.5390)(0.9603) 38 Q.5176 Rxns/rol 

For o-t>bntylphenol 

- (0.06826)(0.9603) - 0.06555 CTS/TDI 

For p-t-lutylphenol 
IMMWWMWBB II JTTBfc.il 11 I mm i i IMI ■IMIM H»IIm+mmtrnmmtmmm 

“ (0.2223)(0.9603) - 0.2135 gms/ml 

For 2.6~di-.t>butylphenol. 

- (0.00137S)(0.9603)- 0.001803 «um/ml 

For 2,4-3i-t-butylphenol 

» (0.1154)(0.9603) * 0.1103 gms/ml 

Isobutylene to Phenol Feed Ratio: 

« Isobutylene Feed Rate 
Phenol Feed Rate 

dr” 0.287 csms/>ua 13.22 gms/niin r 



CALCULATION 0? DENSITIES 

Temperature of thermostated bath ~ 192°F   

Weight of pycnometer filled with phenol   55.5890 gms 

Weight of empty pycnometer   28.4075 jins 

Weight of phenol in pycnometer   27.1815 gms 

Density of phenol at 192°F ® 1.0139 gms/ml    

Volume of pycnometer at 192°F ~ .SP-fL = 26.8088 ml ... 
1.01J9 gms/ml 

Weight of pycnometer filled with reaction product . 54.1556 gms 

Weight of empty pycnometer      28.4121 gms 

Weight of reaction product in pycnometer .......... 25.7435 

Density of reaction product at 192°F « ^S| 

“ 0.9603 gms/ml 



C. CALIBPATIONS 
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CHROMATOGRAPHIC CALIBRATIONS 

The peak height vs weight data were correlated to a 

first order polynomial by the least squares method. 

Hie resultant equation was of the form: 

Weight, micrograms = a + b (peak height, cm) 

The constants a and b are given below for each component 

along with the average deviation, S. 

Component b s 

Isobutylene 2.646 0.01238 + 10% 

Phenol 5.994 0.1197 + 7% 

o-jt-bu ty lpheno 1 -1.257 0.1822 ± 12% 

|> - Jt-bu ty lpheno 1 -0.5343 0.8113 ± 7% 

2,6-di-t-butylphenol 0.1839 0.8113 + 7% 

2,4-di-jt-butylphenol 16.028 0.01590 + 25% 
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DENSITIES 

Temperature 
F 

Fnenol-Sulfuric Acid 
Density, gms/ml 

Reaction Product 
Density, gms/tnl 

192 

230 

276 

1.034 

1.014 

0.9399 

0.9603 

0.9446 

0.9196 
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