
BUTYLENES

1. Introduction

Butylenes are C4H8 mono-olefin isomers: 1-butene, cis-2-butene, trans-2-butene,
and isobutylene (2-methylpropene). These isomers are usually coproduced as a
mixture and are commonly referred to as the C4 fraction. These C4 fractions
are usually obtained as by-products from petroleum refinery and petrochemical
complexes that crack petroleum fractions and natural gas liquids. Since the C4

fractions almost always contain butanes, it is also known as the B–B stream.
The linear isomers are referred to as butenes.
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2. Physical Properties

For any industrial process involving vapors and liquids, the most important phy-
sical property is the vapor pressure. Table 1 presents values for the constants for
a vapor-pressure equation and the temperature range over which the equation is
valid for each butylene.

ln P ¼ Aþ B=T þ C � ln T þDT �N ð1Þ

P is in Pa and T is in K

where P is in Pa and T is in KA screening technique (1) was used to select the
experimental data (2) used in the regressions. Large deviations often occur at low
temperatures because of the inability of the equation to model the data over the
entire temperature range accurately. In order to ensure that the equations are of
practical value, the regressions are performed so that emphasis is placed on con-
ditions of industrial importance; ie, data at subatmospheric conditions are
weighed much less than those at pressures exceeding 101.3 kPa (1 atm).

Figure 1 presents the ratio of the vapor pressure of a compound to the vapor
pressure of n-butane at the same temperature. For the chemically similar species
included in this figure, this ratio is a first approximation of the relative volatility
of the compound to n-butane. Whenever the ratios of two compounds approach
one another, it becomes increasingly difficult to separate the compounds by sim-
ple distillation. Since the butylenes are usually present in mixtures containing
the butanes, the butylenes, and the butadienes, Figure 1 shows the ratios for
all these species. Figure 1 implies that separating either isobutylene, 1-butene
and 1,3-butadiene, or n-butane, trans-2-butene and cis-2-butene, by conventional
distillation would be very difficult, if not impossible. In fact, some binary mix-
tures containing these components form homogeneous azeotropes. The difficulty
of these separations greatly influences the design of all industrial processes
involving these compounds. If it is necessary to isolate one of these species
from the others, it can be expected that the separation process will be expensive.

Table 1. Vapor-Pressure Equation Constants for the Butanes, Butylenes,
and Butadienesa

A B C D N
Temperature

range, K

n-butane 61.5623 –4259.90 –6.20315 3.07575�10–7 2.5 135–423
isobutane 66.7163 –4237.62 –7.08156 4.00506�10–7 2.5 129–408
1–butene 78.8760 –4713.65 –9.05743 1.28654�10–5 2.0 126–416
cis–2–butene 71.9534 –4681.34 –7.87527 1.00237�10–5 2.0 203–358
trans–2–butene 74.3950 –4648.45 –8.33977 1.20897�10–5 2.0 195–358
isobutylene 83.8683 –4822.95 –9.90214 1.51060�10–5 2.0 194–359
1,2-butadiene 49.5031 –4021.95 –4.28893 5.13547�10–6 2.0 200–284
1,3-butadiene 73.0016 –4547.77 –8.11105 1.14037�10–5 2.0 164–425

aSee equation 1.
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Table 2 presents other important physical properties for the butylenes (3).
Thermodynamic and transport properties can also be obtained from other
sources (4).

3. Chemical Properties

The carbon–carbon double bond is the distinguishing feature of the butylenes
and as such, controls their chemistry. This bond is formed by sp2 orbitals
(a sigma bond and a weaker pi bond). The two carbon atoms plus the
four atoms in the alpha positions therefore lie in a plane. The pi bond which
lies over the plane of the atoms acts as a source of electrons in addition reactions
at the double bond. The carbon–carbon bond, acting as a substitute, affects the
reactivity of the carbon atoms at the alpha positions through the formation of the
allylic resonance structure. This structure can stabilize both positive and nega-
tive charges. Thus allylic carbons are more reactive to substitution and addition
reactions than alkane carbons (5). Therefore, reactions of butylenes can be
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Fig. 1. Vapor-pressure ratios of the C4 alkanes, alkenes, and dienes with respect to
n-butane: A, isobutane; B, isobutylene; C, 1-butene; D, 1,3-butadiene; E, n-butane; F,
trans-2-butene, G, cis-2-butene; and H, 1,2-butadiene.
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divided into two broad categories: (1) those that take place at the double bond
itself, destroying the double bond; and (2) those that take place at alpha carbons.

Differences in reactivity of the double bond among the four isomers are con-
trolled by substitution pattern and geometry. Inductive effects imply that the
carbons labeled B in Table 3 should have less electron density than the A car-
bons. 13C nmr shift data, a measure of electron density, confirm this.

The electron-rich carbon–carbon double bond reacts with reagents that are
deficient in electrons, eg, with electrophilic reagents in electrophilic addition
(6,7), free radicals in free-radical addition (8,9), and under acidic conditions
with another butylene (cation) in dimerization.

3.1. Electrophile Addition. The addition of electrophilic (acidic)
reagents HZ involves two steps: the slow transfer of hydrogen ion from :Z to

Table 2. Physical Properties of the Butylenes

Values

Property 1-Butene cis-2-Butene trans-2-Butene Isobutylene

CAS Registry Number [106-98-9] [590-18-1] [624-64-6] [115-11-7]
molecular weight 56.11 56.11 56.11 56.11
melting point, K 87.80 134.23 167.62 132.79
boiling point, K 266.89 276.87 274.03 266.25
critical temperature, K 419.60 435.58 428.63 417.91
critical pressure, MPaa 4.023 4.205 4.104 4.000
critical volume, L/mol 0.240 0.234 0.238 0.239
critical compressibility factor 0.277 0.272 0.274 0.275
acentric factor 0.1914 0.2018 0.2186 0.1984

Ideal gas propertiesb at 298.15 K
Hf, kJ/mol –0.126 –6.99 –11.18 –16.91
Gf, kJ/mol 71.34 65.90 63.01 58.11
Cp, J/mol �K 85.8 79.4 88.3 90.2
Hvap, kJ/mol 20.31 22.17 21.37 20.27
Hcomb, kJ/mol –2719 –2712 –2708 –2724

Saturated vapor at 298.15 K
viscosity, mPa � s(= cP ) 0.00776 0.00782 0.00763 0.00816
thermal conductivity,
W/(m �K)

0.0151 0.0135 0.0144 0.0158

Saturated liquid
density at 298.15 K, mol/L 10.47 11.00 10.69 10.49
surface tension at 298.15 K,
mN/m(= dyn /cm)

0.0121 0.0140 0.0132 0.0117

Cp at 266 K, J/mol �Kb 121.6 118.8 121.8 123.3
viscosity at 266 K,
mPa � s(= cP )

0.186 0.214 0.214 0.228

thermal conductivity at 266
K, W/(m �K)

0.120 0.124 0.121 0.117

Flammability limits, vol % in air
lower limit 1.6 1.6 1.8 1.8
upper limit 9.3 9.7 9.7 8.8
autoignition temperature, K 657 598 597 738

aTo convert MPa to atm, multiply by 9.869.
bTo convert kJ to kcal, divide by 4.184.
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the butylene to form a carbocation; and, a rapid combination of the carbocation
with the base :Z.

C C H Z+
slow

C

H

C
+

+ Z
fast

C

H

C

Z

where HZ = HCl, HBr, HI, H2SO4, H3O+

The rate of addition depends on the concentration of both the butylene and
the reagent HZ. The addition requires an acidic reagent and the orientation of
the addition is regioselective (Markovnikov). The relative reactivities of the iso-
mers are related to the relative stability of the intermediate carbocation and are
isobutylene � 1� butene > 2� butenes. Addition to the 1-butene is less hin-
dered than to the 2-butenes. For hydrogen bromide addition, the preferred orien-
tation of the addition can be altered from Markovnikov to anti-Markovnikov by
the presence of peroxides involving a free-radical mechanism.

Sulfuric acid is about one thousand times more reactive with isobutylene
than with the 1- and 2-butenes, and is thereby very useful in separating isobu-
tylene as tert-butyl alcohol from the other butenes. The reaction is simply carried
out by bubbling or stirring the butylenes into 45–60% H2SO4. This results in
the formation of tert-butyl hydrogen sulfate. Dilution with water followed by
heat hydrolyzes the sulfate to form tert-butyl alcohol and sulfuric acid. The
Markovnikov addition implies that isobutyl alcohol is not formed. The hydration
of butylenes is most important for isobutylene, either directly or via the butyl
hydrogen sulfate.

Certain oxidizing agents convert butylenes into 1,2-diols. Of the numerous
oxidizing agents that bring about hydroxylation, two of the most commonly used

Table 3. 13C Nmr Shifts and Hydration Activation Energies
for Butylenes

13C Nmra ppm
shift at

Ea for hydration,
kJ/molb at

Butylene A B A B

CBCA C C 80.4 53.5 188 145

CA CB

C

C

82.0c 50.4c 711 108

CA BC
C C

69.1 69.1 203 203

CA BC

C

C

67.7 67.7 203 203

aRelative to external CS2 reference.
bTo convert kJ to kcal, divide by 4.184.
cThese values obtained by interpolation.
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are cold alkaline potassium permanganate, KMnO4, and peroxy acids such as
peroxyformic acid, HCO2OH. Aqueous hydrolysis of the intermediate epoxide
is required. KMnO4 gives syn-addition whereas peroxyformic acid gives antiad-
dition.

Bromine and chlorine convert the 1- and 2-butenes to compounds contain-
ing two atoms of halogens attached to adjacent carbons (vicinal dihalides). Iodine
fails to react. In this two-step addition mechanism the first step involves the for-
mation of a cation. The halonium ion formed (a three-membered ring) requires
antiaddition by the anion.

C C Br2+ C C C

Br

C

Br

Br+

+ Br–

bromonium ion

Addition to cis- and trans-2-butene therefore yields different optical isomers
(10,11). The failure of chlorine to attack isobutylene is attributed to the high
degree of steric hindrance to approach by the anion. The reaction intermediate
stabilizes itself by the loss of a proton, resulting in a very rapid reaction even at
ambient temperature (12).

CH3 C

CH3

CH2  +  Cl–
Cl+

CH3 C CH2  +  Cl2
CH3

CH2 C

CH3

CH2Cl  +  HCl

Addition of chlorine or bromine in the presence of water can yield compounds
containing halide and hydroxyl on adjacent carbon atoms (haloalcohols or halo-
hydrins). The same products can be obtained in the presence of methanol (13) or
acetic acid (14). As expected from the halonium ion intermediate, the addition is
anti. As expected from Markovnikov’s rule, the positive halogen goes to the same
carbon that the hydrogen of a protic reagent would.

Butylenes can be catalytically hydrogenated in the presence of Pt, Pd, or Ni
in an exothermic reaction. In the absence of a catalyst, this reaction proceeds at a
negligible rate, even at elevated temperatures. Heats of hydrogenation in kJ/mol
are as follows: 1-butene, �126:8; isobutylene, �118:8; cis-2-butene, �119:7; and
trans-2-butene, �115:5.

Since a carbocation can add to an alkene to form a larger cation, under
acidic conditions isobutylene can dimerize to form 2,4,4-trimethyl-1-pentene
[107-39-1] and 2,4,4-trimethyl-2-pentene [107-40-4], which can then be hydroge-
nated in the presence of nickel to form isooctane [540-84-1]. This reaction is no
longer of commercial significance.

Alkylation of isobutylene and isobutane in the presence of an acidic catalyst
yields isooctane. This reaction proceeds through the same mechanism as
dimerization except that during the last step, a proton is transferred from a
surrounding alkane instead of one being abstracted by a base. The cation thus
formed bonds with the base. Alkylation of aromatics with butylenes is another
addition reaction and follows the same general rules with regard to relative
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rates and product structure. Thus 1- and 2-butenes yield sec-butyl derivatives
and isobutylene yields tert-butyl derivatives.

Two other reactions of interest are oxymercuration–demercuration and
hydroboration–oxidation. Both reactions amount to hydration of the double
bond to the alcohol. The former gives Markovnikov addition whereas the latter
yields anti-Markovikov addition. In the first reaction the butylene reacts in aqu-
eous mercuric acetate to add �OH and �HgOOCCH3, to the double bond. Then
the ���HgOOCCH3 is replaced by ���H from sodium borohydride. This reaction is
very fast and proceeds with 90% yield. A mercurinium ion (in analogy with a
halonium ion) is invoked to explain the addition products. In hydroboration,
hydrogen and boron from BHR2 add to the double bond, then the boron is dis-
placed by hydrogen peroxide in alkaline solution. The intermediate here is a
four-centered transition state. As boron gains the pi electrons it becomes increas-
ingly willing to release the hydrogen (see HYDROBORATION).

CH3CH2CH CH2  +  H B
δ+ δ– δ– δ+

CH3CH2CH CH2

H B δ–

δ+

CH3CH2CH2CH2B

Butylene isomers also can be expected to show significant differences in
reaction rates for metallation reactions such as hydroboration and hydroformy-
lation (addition of HCo(CO)4). For example, the rate of addition of di(sec-iso-
amyl)borane to cis-2-butene is about six times that for addition to trans-2-butene
(15). For hydroformylation of typical 1-olefins, 2-olefins, and 2-methyl-1-olefins,
specific rate constants are in the ratio 100 : 31 : 1, respectively.

The composition of the products of reactions involving intermediates formed
by metallation depends on whether the measured composition results from
kinetic control or from thermodynamic control. Thus the addition of diborane
to 2-butene initially yields tri-sec-butylborane. If heated and allowed to react
further, this product isomerizes about 93% to the tributylborane, the product
initially obtained from 1-butene (15). Similar effects are observed during hydro-
formylation reactions; however, interpretation is more complicated because the
relative rates of isomerization and of carbonylation of the reaction intermediate
depend on temperature and on hydrogen and carbon monoxide pressures (16).

These reactions are also quite sensitive to steric factors, as shown by the
fact that if 1-butene reacts with di(sec-isoamyl)borane the initially formed pro-
duct is 99% substituted in the 1-position (15) compared to 93% for unsubstituted
borane. Similarly, the product obtained from hydroformylation of isobutylene is
about 97% isoamyl alcohol and 3% neopentyl alcohol (17). Reaction of isobutylene
with aluminum hydride yields only triisobutylaluminum.

Selectivity among butylene isomers also occurs in vapor-phase heteroge-
neous catalysis, at least in the case of dehydrogenation of butenes to butadiene,
where maximum yields can be obtained by employing slightly different condi-
tions for each isomer (18). In practice, mixtures of isomers are used and an aver-
age set of conditions is employed.

3.2. Free-Radical Addition. Free-radical attack on a butylene occurs so
that the most stable radical carbon structure forms. Thus, in peroxide-catalyzed
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addition of hydrogen halides, the addition is anti-Markovnikov.

C C Y Z+ C C

Z

Y+ C C

Z Y

This reaction proceeds through a chain mechanism. Free-radical additions to
1-butene, as in the case of HBr, RSH, and H2S to other olefins (19–21), can be
expected to yield terminally substituted derivatives. Some polymerization reac-
tions are also free-radical reactions.

3.3. Polymerization. Polymerization reactions, which are addition reac-
tions, are used to produce the principal products formed directly from butlylenes:
butyl elastomers; polybutylenes; and polyisobutylene (see ELASTOMERS, SYNTHETIC;
OLEFIN POLYMERS).

3.4. Substitution Reactions. The chemistry at alpha positions hinges
on the fact that an allylic hydrogen is easy to abstract because of the resonance
structures that can be established with the neighboring double bond. The allylic
proton is easier to abstract than one on a tertiary carbon; these reactions are
important in the formation of alkoxybutenes (ethers).

3.5. Isomerization. Isomerization of any of the butylene isomers to
increase supply of another isomer is not practiced commercially. However,
their isomerization has been studied extensively because: formation and isomer-
ization accompany many refinery processes; maximization of 2-butene content
maximizes octane number when isobutane is alkylated with butene streams
using HF as catalyst; and isomerization of high concentrations of 1-butene to
2-butene in mixtures with isobutylene could simplify subsequent separations
(22). One plant (Phillips) is now being operated for this latter purpose (23,24).
The general topic of isomerization has been covered in detail (25–27). Isomer dis-
tribution at thermodynamic equilibrium in the range 300–1000 K is summarized
in Table 4 (25).

The three isomerizations, cis-2-butene Ð trans-2-butene, 1-butene Ð
2-butene, and butenes Ð isobutylene, require increasingly severe reaction con-
ditions. When the position of the double bond is shifted, cis-trans isomerization

Table 4. Equilibrium Butylenes Distribution, Ideal Gasa,b

Mol %

Temperature, K 1-Butene cis-2-Butene trans-2-Butene Total butenes Isobutylene

300 0.4 3.8 11.8 16.0 84.0
400 1.9 8.3 18.0 28.2 71.8
500 4.5 11.9 21.6 38.0 62.0
600 7.5 14.4 23.4 45.3 54.7
700 10.8 15.8 24.2 50.8 49.2
800 14.0 16.6 24.5 55.1 44.9
900 16.9 17.0 24.6 58.6 41.4

1000 19.6 17.2 24.4 61.2 38.8

aAt 101.3 kPa=1 atm.
bRef. 25.

Vol. 4 BUTYLENES 409



also occurs, and mixtures of butenes result when the carbon skeleton is rear-
ranged. However, during isomerization of 1-butene to 2-butene, with solid cata-
lysts, the cis isomer is preferentially formed initially even though it is the
thermodynamically less favored isomer.

An extremely wide variety of catalysts, Lewis acids, Brønsted acids, metal
oxides, molecular sieves, dispersed sodium and potassium, and light, are effec-
tive (Table 5). Generally, acidic catalysts are required for skeletal isomerization
and reaction is accompanied by polymerization, cracking, and hydrogen transfer,
typical of carbenium ion intermediates. Double-bond shift is accomplished with
high selectivity by the basic and metallic catalysts.

4. Manufacture

The C4 isomers are almost always produced commercially as by-products in a
petroleum refinery/petrochemical process as shown in Figure 2. Environmental
regulations mandated by recent changes in the laws of the United States to
reduce the aromatic content in gasoline will have an impact on butylene produc-
tion in this country. As petroleum refiners search for alternative routes to
replace the aromatics in the gasoline pool, oxygenated hydrocarbons will become
increasingly attractive, not only for regaining the lost octane value in the gaso-
line but also for producing a clean burning fuel. Among this class of oxygenates,
methyl-tert-butyl ether (MTBE) produced from isobutylene appears to be a lead-
ing contender (see ETHERS). Free-standing facilities at the gas well head to
produce an isobutylene-rich B–B stream cannot be ruled out in the future.

There are two important sources for the commercial production of buty-
lenes: catalytic or thermal cracking, and steam cracking. In these two processes,
butylenes are always produced as by-products. A catalytic cracking process is

Table 5. Isomerization of Butylenes

Catalyst Temperature, 8C References

cis-2-ButeneÐ trans-2-butene
60Co g-rays ambient 28
Na mordenite and porous Vycor 24.5 28
bis(acetylacetonato)Pd–SiO2 61.5 29

1-ButeneÐ -2-butene
Pt–SiO2–Al2O3 –10 30
RhCl3–SnCl2–CH3OH ambient 31
Cl2[(C4H9)3P]2Ni–(C2H5)

2AlCl–SiO2

ambient 32

BF3–Al2O3 ambient 33
H3PO4, 85% 73 34
Ga2O3 190–330 35
iodine 200–250 36
ZnCrFeO4 465 37

ButeneÐ isobutylene
Pt–Al2O3–SiO2 475 38
SiO2 520 39
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always associated with a petroleum refining complex that upgrades high boiling
fractions of hydrocarbons to high octane gasoline. Steam cracking converts a
variety of hydrocarbon feedstocks that range from natural gas liquids to heavy
petroleum fractions to produce light olefins. As demand for butylenes picks up
in the future, a third important source for the commercial production of these
products is likely to be the dehydrogenation of butanes.

There are other commercial processes available for the production of butyl-
enes. However, these are site or manufacturer specific, eg, the Oxirane process
for the production of propylene oxide; the disproportionation of higher olefins;
and the oligomerization of ethylene. Any of these processes can become an impor-
tant source in the future. More recently, the Coastal Isobutane process began
commercialization to produce isobutylene from butanes for meeting the expected
demand for methyl-tert-butyl ether (40).

Table 6 shows the yield distribution of the C4 isomers from different feed-
stocks with specific processing schemes. The largest yield of butylenes comes
from the refineries processing middle distillates and from olefins plants cracking
naphtha. The refinery product contains 35 to 65% butanes; olefins plants, 3 to
5%. Catalyst type and operating severity determine the selectivity of the C4 iso-
mer distribution (41) in the refinery process stream. Processes that parallel fluid
catalytic cracking to produce butylenes and propylene from heavy crude oil frac-
tions are under development (42).

4.1. Steam Cracking. Steam cracking is a nonselective process that
produces many products from a variety of feedstocks by free-radical reactions.
An excellent treatise on the fundamentals of manufacturing ethylene has been
given (44). Feedstocks range from ethane on the light end to heavy vacuum
gas oil on the heavy end. All produce the same product slate but in different
amounts depending on the feedstock.

Significant products from a typical steam cracker are ethylene, propylene,
butadiene, and pyrolysis gasoline. Typical wt % yields for butylenes from a steam
cracker for different feedstocks are ethane, 0.3; propane, 1.2; 50% ethane/50%
propane mixture, 0.8; butane, 2.8; full-range naphtha, 7.3; light gas oil, 4.3. A
typical steam cracking plant cracks a mixture of feedstocks that results in
butylenes yields of about 1% to 4%. These yields can be increased by almost
50% if cracking severity is lowered to maximize propylene production instead
of ethylene.

Cracking conditions and feed slate are usually selected to maximize pro-
duction of light olefins. Selectivity to light olefins depends on the temperature
and pressure profiles in the pyrolysis reactor coil, and thus the residence time.
These profiles are unique for a given reactor coil, so a great deal of attention
goes into the selection of the reactor. Older plants that have a residence
time of about 1 s have since been modernized to under 0.4 s by replacing the
reactor coil. Newer plants have reactor coil designs that give residence times
of 0.1–0.2 s.

Typically, cracking is done at a weight ratio of steam to hydrocarbon that
ranges from 0.2 to 1. The high end of this ratio is used for heavy feeds such as
vacuum gas oil. Desired cracking severity is achieved at 780–8758C at the reac-
tor coil outlet and at slightly above 130 kPa (19 psi) pressure. Hot furnace efflu-
ent from the reactors is quenched rapidly to stop undesirable secondary
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Table 6. Typical Yields and % Compositions of C4 Fractions from Cracking Operationsa

Catalytic cracking Thermal cracking of residue
Steam cracking of naphtha

and light gas oilButylene yield Gas oil Residue Delayed coking Flexicoking

wt % on crude 0.5–5 1.5–3 0.1–0.6 0.15–0.8
wt % on feed 3–10 3–5 1–1.5 1.5–2 0.4–0.5
C4 composition Total Olefin Total Total Olefin Total Olefin Total Olefin

butane 7–13 7 47 14–23 2–5
isobutane 28–52 18–14 12 5 1.5–0.6
isobutylene 26–8 40–23 79 16 40 13 20–18 27.4–22.0 48
1-butene 8–7 12–20 79 13 31 17 26–24 16.0–14.0 30
cis-2-butene 31–20 48–57 75–79 5 12 35–42 54–58 5.5–4.8 10
trans-2-butene 31–20 48–57 70 7 17 35–42 54–58 6.5–5.8 12
1,3-butadiene 0.1–0.5 0.5 7–9 37.0–47.5

aRef. 43.
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reactions. Effluent streams are cooled quickly in heat exchangers to slightly
above their dew point, about 120–3708C depending on the feedstock.

Figure 3 shows a typical arrangement of a steam cracker in the
United States. Furnace effluent from a steam cracker consists of three phases
at ambient temperatures including aqueous liquid, hydrocarbon liquid, and
hydrocarbon gas. Effluent from the heat exchangers are further cooled in oil and
water wash towers. The oil wash essentially removes the heavy fuel oil fraction
and also limits the end point of pyrolysis gasoline in the overhead of this tower.
The water wash condenses the dilution steam and the pyrolysis gasoline. The
overhead from the water wash tower contains mostly C4 and lighter fractions.
Several fractionation sequences to separate high purity products are available
commercially. The choice of sequence depends on the feed slate and economics.
Figure 3 shows a front-end demethanizer scheme, which is usually used in
steam crackers producing significant amounts of butylenes. Whatever the frac-
tionation scheme used, the C4 fraction is removed as overhead from the debuta-
nizer. References 45 and 46 give an overview of the ethylene manufacturing
process.

The C4 stream from steam crackers, unlike its counterpart from a refinery,
contains about 45% butadiene by weight. Steam crackers that process significant
amounts of liquid feedstocks have satellite facilities to recover butadiene from
the C4 stream. Conventional distillation techniques are not feasible because
the relative volatility of the chemicals in this stream is very close. Butadiene
and butylenes are separated by extractive distillation using polar solvents.

The selection of solvent is dictated by the process used. Strongly dipolar,
aprotic solvents alone or mixed with a second solvent to improve separation
selectivity are used. The second solvent is usually water, and good solubility
in water is an advantage. Toxicity is also an important consideration. Reference
47 is valuable in the selection of solvents. Several extractive distillation
technologies are available commercially. Three technologies are used widely
including the Nippon-Zein process using dimethylformamide [68-12-2] (48,49),
the Shell process using acetonitrile [75-05-8] (50), and the BASF process
using N-methyl-pyrrolidinone [872-50-4] (51). All these processes produce
polymer-grade 1,3-butadiene and a B–B stream. C4 Acetylenes and 1,2-buta-
diene in the B–B product are hydrogenated to produce a clean B–B stream.

4.2. Catalytic Cracking. This is a refinery process that produces a mix-
ture of butylenes and butanes with very small amounts of butadiene. The specific
composition of the C4 mixture depends on the catalyst and process conditions.
Most catalytic cracking processes employ temperatures about 450–6508C at
pressures of about 250–400 kPa (36–58 psi). The two types of catalysts, the
amorphous silica–alumina (52) and the crystalline aluminosilicates called mole-
cular sieves or zeolites (53), exhibit strong carbonium ion activity. Although
there are natural zeolites, over 100 synthetic zeolites have been synthesized
and characterized (54). Many of these synthetic zeolites have replaced alumina
with other metal oxides to vary catalyst acidity to effect different type catalytic
reactions, for example, isomerization. Zeolite catalysts strongly promote carbo-
nium ion cracking along with isomerization, disproportionation, cyclization,
and proton transfer reactions. Because butylene yields depend on the catalyst
and process conditions, Table 6 shows only approximations.
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Zeolites have largely replaced the silica–alumina catalysts. In addition, the
catalytic property is further improved by changing the silica and alumina ratio
and by introducing cations such as hydrogen and sodium to impart specific cat-
alytic properties. The most significant advance is in improved selectivity to gaso-
line range products and not in increased activity. Detailed information on the
chemistry of catalytic cracking is available (55).

The most dominant catalytic process in the United States is the fluid cata-
lytic cracking process. In this process, partially vaporized medium-cut petroleum
fractions called gas oils are brought in contact with a hot, moving, freshly regen-
erated catalyst stream for a short period of time at process conditions noted
above. Spent catalyst moves continuously into a regenerator where deposited
coke on the catalyst is burnt off. The hot, freshly regenerated catalyst moves
back to the reactor to contact the hot gas oil (see CATALYSTS, REGENERATION).

4.3. Thermal Cracking. Heavy petroleum fractions such as resid are
thermally cracked in delayed cokers or flexicokers (44,56,57). The main products
from the process are petroleum coke and off-gas which contain light olefins and
butylenes. This stream also contains a considerable amount of butane. Process
conditions for the flexicoker are more severe than for the delayed coker, about
5508C versus 4508C. Both are operated at low pressures, around 300–600 kPa
(43–87 psi). Flexicokers produce much more linear butenes, particularly
2-butene, than delayed cokers and about half the amount of isobutylene
(Table 6). This is attributed to high severity of operation for the flexicoker (43).

4.4. Oxirane Process. In Arco’s Oxirane process, tert-butyl alcohol is a
by-product in the production of propylene oxide from a propylene–isobutane mix-
ture. Polymer-grade isobutylene can be obtained by dehydration of the alcohol.
tert-Butyl alcohol [75-65-0] competes directly with methyl-tert-butyl ether as
a gasoline additive, but its potential is limited by its partial miscibility with
gasoline.

4.5. Disproportionation of Olefins. Disproportionation or the metath-
esis reaction offers an opportunity to convert surplus olefins to other desirable
olefins. Phillips Petroleum and Institut Français du Petrôle have pioneered
this technology for the dimerization of light olefins. The original metathesis
reaction of Phillips Petroleum was intended to convert propylene to 2-butene
and ethylene (58). The reverse reaction that converts 2-butene in the presence
of excess ethylene to propylene has also been demonstrated (59). In this process,
ethylene is first dimerized to 2-butene followed by metathesis to yield propylene.
Since this is a two-stage process, 2-butene can be produced from the first stage, if
needed. In the dimerization step, about 95% purity of 2-butene is achieved at
90% ethylene conversion.

In the Institut Français du Petrôle process (60), ethylene is dimerized into
polymer-grade 1-butene (99.5% purity) suitable for the manufacture of linear low
density polyethylene. It uses a homogeneous catalyst system that eliminates
some of the drawbacks of heterogeneous catalysts. It also inhibits the isomeriza-
tion of 1-butene to 2-butene, thus eliminating the need for superfractionation of
the product (61,62). The process also uses low operating temperatures, 50–608C,
and pressures (63).

Many heterogeneous catalysts have been commercialized to dimerize ethyl-
ene to selectively yield 1-butene or 2-butene (64–68). Since ethylene is generally
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priced higher than butylenes, economics favor the production of butylenes
from steam crackers, not from ethylene. An excellent review on metathesis is
available (69).

4.6. Oligomerization of Ethylene. 1-Butene is a small by-product in
the production of linear alpha-olefins by oligomerization of ethylene. Linear
alpha-olefins have one double bond at the terminal position and comprise the
homologous series of compounds with carbon atoms between 4 and 19. The
primary use of alpha-olefins is in the detergent industry.

4.7. Other Technology. Several technologies are emerging for the pro-
duction of isobutylene to meet the expected demand for isobutylene: (1) deep cat-
alytic cracking; (2) superflex catalytic cracking; (3) dehydrogenation of butanes;
and (4) the Coastal process of thermal dehydrogenation of butanes. Of these, both
the dehydrogenation technology and the high pressure thermal pyrolysis tech-
nology (the Coastal process) have been around for a long time. These technologies
were not economical since inexpensive sources of butylenes were available from
petroleum refineries and steam crackers. During the 1960s isobutane was in
plentiful supply, and the first commercial unit using the Coastal process was
built in 1969 at Corpus Christi, Texas, with a capacity of about 150 million
t/yr (40). The dehydrogenation technology was also in use where there was a sur-
plus of inexpensive isobutane.A process for producing isobutylene and methanol
by the decomposition of methyl-tert-butyl ether has been reported (70).

Deep Catalytic Cracking. This process is a variation of fluid catalytic
cracking. It uses heavy petroleum fractions, such as heavy vacuum gas oil, to
produce propylene- and butylene-rich gaseous products and an aromatic-rich
liquid product. The liquid product contains predominantly benzene, toluene,
and xylene (see BTX PROCESSING). This process was developed by SINOPEC in
China (42,71).

Superflex Catalytic Cracking. A new process called Superflex is being
commercialized to produce predominantly propylene and butylenes from low
valued hydrocarbon streams from an olefins complex (72). In this process, raffi-
nates (from the aromatics recovery unit and the B–B stream after the recovery of
isobutylene) and pyrolysis gasoline (after the removal of the C6–C8 aromatics
fraction) are catalytically cracked to produce propylene, isobutylene, and a
crude C6–C8 aromatics fraction. All other by-products are recycled to extinction.

Dehydrogenation of Butanes. These processes are based on the propane
dehydrogenation technology commercialized about 35 years ago. Thermody-
namics dictate that the operation be carried out at high temperatures and low
pressures to improve selectivity. In the dehydrogenation process, conversion of
feedstock is equilibrium limited, and thus conversions are low relative to
steam cracking. Work has been carried out by Air Products, UOP, Shell, Ash-
land, ICI, Monsanto, Phillips, and Petrotex. Among these, five distinct technolo-
gies are available for converting isobutane to isobutylene. These technologies
include Oleflex from UOP (73), Catofin from CDTECH (74), fluidized-bed from
Snamprogetti (75), STAR from Phillips Petroleum (76), and Coastal Thermal
Cracking from Foster-Wheeler (40,77).

The UOP Oleflex process uses a proprietary platinum catalyst. Dehydro-
genation of isobutane to isobutylene is endothermic, and optimum catalyst activ-
ity is maintained by supplying the heat of reaction through interheaters. The
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catalyst system employs UOP’s Continuous Catalyst Regeneration (CCR) tech-
nology. The bed of catalyst slowly flows concurrently with the reactants and is
removed from the last reactor and regenerated in a separate section. The recon-
ditioned catalyst is then returned to the top of the first reactor. The CCR process
is usually applied in the reforming of naphtha to aromatics. When supply is lim-
ited, n-butane can be isomerized to isobutane using UOP’s Butamer process (78).
The Butamer process is a fixed-bed, vapor-phase catalytic process that uses
organic halides as promoters.

The Catofin process, which was formerly the property of Air Products
(Houdry Division), uses a proprietary chromium catalyst in a fixed-bed reactor
operating under vacuum. There are actually multiple reactors operating in cyclic
fashion. In sequence, these reactors process feed for about nine minutes and are
then regenerated for nine minutes. The chromium catalyst is reduced from Cr6þ

to Cr3þ during the regeneration cycle.
The Snamprogetti fluidized-bed process uses a chromium catalyst in equip-

ment that is similar to a refinery catalytic cracker (1960s cat cracker technology).
The dehydrogenation reaction takes place in one vessel with active catalyst;
deactivated catalyst flows to a second vessel, which is used for regeneration.
This process has been commercialized in Russia for over 25 years in the produc-
tion of butenes, isobutylene, and isopentenes.

The Phillips Steam Active Reforming (STAR) process catalytically converts
isobutane to isobutylene. The reaction is carried out with steam in tubes that are
packed with catalyst and located in a furnace. The catalyst is a solid, particulate
noble metal. The presence of steam diluent reduces the partial pressure of
the hydrocarbons and hydrogen present, thus shifting the equilibrium conditions
for this system toward greater conversions.

The Coastal process uses steam pyrolysis of isobutane to produce propylene
and isobutylene (as well as other cracked products). It has been suggested that
the reaction be carried out at high pressure, >1480 kPa (�15 atm), to facilitate
product separation. This process was commercialized in the late 1960s at
Coastal’s Corpus Christi refinery.

These processes are all characterized by low isobutane conversion to
achieve high isobutylene selectivity. The catalytic processes operate at conver-
sions of 45–55% for isobutane. The Coastal process also operates at 45–55%
isobutane conversion to minimize the production of light ends. This results in
significant raw material recycle rates and imposing product separation sections.

Dehydrogenation of isobutane to isobutylene is highly endothermic and the
reactions are conducted at high temperatures (535–6508C) so the fuel consump-
tion is sizeable. For the catalytic processes, the product separation section
requires a compressor to facilitate the separation of hydrogen, methane, and
other light hydrocarbons from-the paraffinic raw material and the olefinic pro-
duct. An excellent overview of butylenes is available (79).

4.8. Separation and Purification of C4 Isomers. 1-Butene and isobu-
tylene cannot be economically separated into pure components by conventional
distillation because they are close boiling isomers (see Table 1 and Fig. 1).
2-Butene can be separated from the other two isomers by simple distillation.
There are four types of separation methods available: (1) selective removal of
isobutylene by polymerization and separation of 1-butene; (2) use of addition
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reactions with alcohol, acids, or water to selectively produce pure isobutylene
and 1-butene; (3) selective extraction of isobutylene with a liquid solvent, usually
an acid; and (4) physical separation of isobutylene from 1-butene by absorbents.
The first two methods take advantage of the reactivity of isobutylene. For exam-
ple, isobutylene reacts about 1000 times faster than 1-butene. Some 1-butene
also reacts and gets separated with isobutylene, but recovery of high purity is
possible. The choice of a particular method depends on the product slate require-
ments of the manufacturer. In any case, 2-butene is first separated from the
other two isomers by simple distillation.

There are currently three important processes for the production of isobu-
tylene: (1) the extraction process using an acid to separate isobutylene; (2) the
dehydration of tert-butyl alcohol, formed in the Arco’s Oxirane process; and
(3) the cracking of MTBE. The expected demand for MTBE will preclude the
third route for isobutylene production. Since MTBE is likely to replace tert-
butyl alcohol as a gasoline additive, the second route could become an important
source for isobutylene. Nevertheless, its availability will be limited by the
demand for propylene oxide, since it is only a coproduct. An alternative
process has emerged that consists of catalytically hydroisomerizing 1-butene to
2-butenes (80). In this process, trace quantities of butadienes are also hydroge-
nated to yield feedstocks rich in isobutylene which can then be easily separated
from 2-butenes by simple distillation.

The acid extraction process uses strong mineral acids, such as sulfuric,
hydrochloric, and phosphoric. These acids selectively remove isobutylene from
mixed butylenes. The Exxon, BASF, and the Compagnie Française de Raffinage
(CFR) processes have been commercialized. The Nippon Petrochemical extrac-
tion process uses hydrochloric acid along with a heavy-metal catalyst. Report-
edly, the selectivity to isobutylene hydration is significantly higher than in the
sulfuric acid process. However, because of corrosion problems of stainless steel,
this process requires titanium and palladium alloys.

The CRF, Exxon, and BASF processes use sulfuric acid as the extraction
medium. The BASF process is the dominant process in Europe. It uses the
dilutest acid of any commercial process. This permits selective reaction even in
the presence of butadiene. The BASF process uses vapor–liquid extraction
unlike the Exxon and CRF processes which are of the liquid–liquid type.

The desired extraction process is the exothermic proton-catalyzed hydroly-
sis of isobutylene to tert-butyl alcohol. This alcohol is further dehydrated to yield
pure isobutylene. At low concentrations the hydrolysis reaction is favored:

ðCH3Þ2C¼¼CH2 þH2O �!Hþ ðCH3Þ3COH

At high concentrations, there is a tendency to form an organic hydrosulfate:

CH3ð Þ2C¼¼CH2 þH2SO4�! CH3ð Þ3CHSO4

The main differences between these processes are the acid concentration and the
extraction temperature to effect selective removal of isobutylene. The acid con-
centration range is 45–65%. Figure 4 shows a simplified flow diagram of the
CFR process.
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In the physical separation process, a molecular sieve adsorbent is used as in
the Union Carbide Olefins Siv process (81–83). Linear butenes are selectively
adsorbed, and the isobutylene effluent is distilled to obtain a polymer-grade pro-
duct. The adsorbent is a synthetic zeolite, Type 5A in the calcium cation
exchanged form (84). UOP also offers an adsorption process, the Sorbutene pro-
cess (85). The UOP process utilizes a liquid B–B stream, and uses a proprietary
rotary valve containing multiple ports, which direct the flow of liquid to various
sections of the adsorber (86,87). The cis- and trans-isomers are alkylated and
used in the gasoline blending pool.

1-Butene can be separated from 2-butenes by simple distillation. If the B–B
streams contain dienes, these must be hydrogenated prior to the separation of
the linear butenes. If not hydrogenated, these contaminants tend to divide them-
selves between the purified isomers. Trace quantities of acetylinic compounds
and butadiene are hydrogenated selectively using a noble metal catalyst.
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Hydrogenation after separation is not desirable as the catalyst used for hydroge-
nation isomerizes butenes, which affects product purity. If butanes are also pre-
sent, as they are in the refinery streams, they also distribute themselves in the
purified products. If pure isomers are required, butanes can be separated by
extractive distillation, and the residual C4 isomers can be isomerized. These
all increase the cost of the separation process. There is a balance between the
purity sought and the cost associated in achieving it.

5. Shipment and Handling

5.1. Storage and Transportation. Handling requirements are similar
to liquefied petroleum gas (LPG). Storage conditions are much milder. Butylenes
are stored as liquids at temperatures ranging from 0 to 408C and at pressures
from 100 to 400 kPa (1–4 atm). These conditions are much lower than those
required for LPG. Their transportation is also similar to LPG; they are shipped
in tank cars, transported in pipelines, or barged.

6. Economic Aspects

The United States, Western Europe, and Japan account for 90% of the butylenes
market. In 2001, 32� 106 t of butylenes were consumed in these three regions (88).

Fuel markets comprise 90% of the total use of butylenes. The fuel market
includes the manufacture of gasoline, blending of components, gasoline alky-
lates, polymer gasoline, and dimersol. Isobutylene is a raw material for oxyge-
nate, methyl-tert-butyl ether, and ethyl-tert-butyl ether. Butylenes are directly
blended into gasoline for volatility control. Another market is with propane
and butane as liquefied petroleum gas.

The other 10% of the market consists of n-butenes as precursors for sec-
butyl alcohols, butadiene, and 1-butene. Chemical markets worldwide are grow-
ing slowly. Isobutylene has grown slowly in the U.S., Western Europe, and
Japan, especially in the U.S. Other isobutylene derivatives, such as butyl rubber
and polybutylenes are mature markets.

7. Analytical Methods

Butenes are best characterized by their property of decolorizing both a solution of
bromine in carbon tetrachloride and a cold, dilute, neutral permanganate solu-
tion (the Baeyer test). A solution of bromine in carbon tetrachloride is red; the
dihalide, like the butenes, are colorless. Decoloration of the bromine solution is
rapid. In the Baeyer test, a purple color is replaced by brown manganese oxide
(a precipitate) and a colorless diol. These tests apply to all alkenes.

Identification of C4 isomers is now routinely performed by gas chromatogra-
phy. Advances in column technology permit rapid analysis with good accuracy in
capillary columns (89). Pure isomers require quantification of contaminants,
usually in parts per million. Gas–liquid chromatography and mass spectroscopy
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are the most commonly used analytical tools. ASTM standards are excellent
sources of analytical procedures for hydrocarbon mixtures. Al2O3–KCl PLOT
capillary gas chromatographic columns provide very good and fast separation
in the following elution order: trans-2-butene, 1-butene, isobutylene, and
cis-2-butene.

8. Health and Safety Factors

The effect of long-term exposure is not known, hence, they should be handled
with care. Reference 90 lists air and water pollution factors and biological effects.
They are volatile and asphyxiants. 1-Butene, cis 2-butene, and trans 2-butene
are very dangerous fire hazards when exposed to heat or flame. cis 2-Butene
and trans-2-butene are very likely to explode. 1-Butene is moderately explosive.
2-Butene emits acrid smoke and irritating vapors when heated to decomposition
(91). Care should be taken to avoid spills because they are extremely flammable.
Physical handling requires adequate ventilation to prevent high concentrations
of butylenes in the air. Explosive limits in air are 1.6 to 9.7% of butylenes. Their
flash points range from �80 to �73�C. Their autoignition is around 324 to 4658C
(Table 2). Water and carbon dioxide extinguishers can be used in case of fire.

9. Uses

Among the butylenes, isobutylene has become one of the important starting
materials for the manufacture of polymers and chemicals. There are many
patents that describe the use of isobutylene or its derivatives to produce insecti-
cides, antioxidants, elastomers, additives for lubricating oils, adhesives, sea-
lants, and caulking compounds.

9.1. Fuels. Alkylate. Alkylation means the chemical combination of
isobutane with any one or a combination of propylene, butylenes, and amylenes
to produce a mixture of highly branched paraffins that have high antiknock prop-
erties with good stability. These reactions are catalyzed by strong acids such as
sulfuric or hydrofluoric acid and have been studied extensively (45,92–96). In the
United States mostly butylenes and propylene are used as the olefins. The
alkylate contains a mixture of isoparaffins, ranging from pentanes to decanes
and higher, regardless of the olefins used. The dominant paraffin in the
product is 2,2,4-trimethylpentane, also called isooctane. The reaction involves
methide-ion transfer and carbenium-ion chain reaction, which is catalyzed by
strong acid.

CH3CCH3  +  CH3CH CHCH3

CH3

+

(CH3)3C CH2CCH3

CH3

CH3C CHCHCH3

CH3

CH3 CH3

CH3CCH2CHCH3  +  CH3CCH3

CH3

CH3

CH3 CH3

+

+ isobutane +
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The C7 and C8 paraffins comprise about 90% of the alkylate; C8 accounts for
over 60%. Over 70% of the commercial alkylation processes employ sulfuric acid
as the catalyst. Among the butylenes, 2-butene is superior to 1-butene. The C3–
C4 fraction from the catalytic crackers is considered to be a superior feedstock to
the alkylation unit.

Polymer Gasoline. Refinery trends tend to favor alkylation over polymer-
ization. Unlike the alkylation process, polymerization does not require isobutane.
The catalyst is usually phosphoric acid impregnated on kieselghur pellets. Poly-
merization of butylenes is not an attractive alternative to alkylation unless iso-
butane is unavailable. The motor octane number of polymer gasoline is also low,
and there is considerable shrinkage in product volume. The only commercial unit
to be built in recent years is at Sasol in South Africa. The commercial process was
developed by UOP in the 1940s (97).

Gasoline Blending and LPG. Direct blending of butylenes into gasoline
has the highest value since there is no shrinkage in product volume or conversion
cost. The amount of butylenes that can be blended is limited by vapor-pressure
specifications, amounting to only 8 to 10% of the gasoline pool. More butylenes
could be used in winter to increase volatility for easy starting. In warm seasons,
the butylenes have to be reduced to prevent vapor lock in the motor carburetor.
Environmental concern in recent years has reduced the amount of butylenes,
which could be blended into gasoline.

Since the heating values are similar to LPG, butylenes may be blended with
LPG for bottle gas (98,99). In Europe, because LPG is unavailable, it is common
to use butylenes as fuel. In the United States, butylenes have a higher value as
an alkylate feed. LPG, which is readily available, is used as fuel instead.

9.2. Chemicals. Although the amount of butylenes produced in the
United States is roughly equal to the amounts of ethylene and propylene
produced, the amount consumed for chemical use is considerably less. The utili-
zation of either ethylene or propylene for each of at least five principal chemical
derivatives is about the same or greater than the utilization of butenes for buta-
diene, their main use. This production is only about one-third of the total; the
two-thirds is derived directly from butane. The underlying reasons are poorer
price–performance compared to derivatives of ethylene and propylene and the
lack of applications of butylene derivatives. Some of the C4 products are more
easily derived from 1-, 2-, and 3-carbon atom species, eg, butanol, 1,4-butanediol,
and isobutyl alcohol (see ACETYLENE-DERIVED CHEMICALS; BUTYL ALCOHOLS).

2 CH2¼¼CH2���!
½O	

CH3CHO ���! CH3CH¼¼CHCHO���!H2
CH3CH2CH2CH2OH

HC

CHþ 2 CH2O���!H2
HOCH2CH2CH2CH2OH

CH3CH¼¼CH2���!CO

H2

CH3CH2CH2CH2OHþ ðCH3Þ2CHCH2OH

The price of butanes and butylenes fluctuates seasonally depending on the
demand for gasoline in the United States. Since much chemical-product usage is
determined by price–performance basis, a shift to development of butylene-
based technology may occur. Among the butylenes, demand for isobutylene is
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likely to increase (and so its price) as more derivatives such as methyl methacry-
late and methacrylic acid are produced from isobutylene instead of the conven-
tional acetone cyanohydrin process.

Butadiene. Most butadiene [106-99-0] is produced by extraction of C4

streams from olefins units. Only about 10% of butadiene was produced from
butenes in the United States (100). In Western Europe and Japan hardly any
butenes are used to produce butadiene. Butadiene requirements in these coun-
tries are entirely met by the extraction units, since they crack only naphthas
and heavier hydrocarbon feedstocks. The recent trend in the United States is
to rely on the extraction units for its requirements (see BUTADIENE).

sec-Butyl Alcohol. sec-Butyl alcohol [78-92-2] is produced entirely from
butenes using indirect hydration with sulfuric acid. Nearly all of the sec-butyl
alcohol is converted to methyl ethyl ketone (MEK) [78-93-3] by catalytic dehydro-
genation. MEK is an outstanding solvent for a wide variety of coating resins.
sec-Butyl alcohol growth rate is closely tied in with the demand for MEK.

A typical feed to a commercial process is a refinery stream or a steam
cracker B–B stream (a stream from which butadiene has been removed by
extraction and isobutylene by chemical reaction). The B–B stream is a mixture
of 1-butene, 2-butene, butane, and isobutane. This feed is extracted with 75–85%
sulfuric acid at 35–508C to yield butyl hydrogen sulfate. This ester is diluted
with water and stripped with steam to yield the alcohol. Both 1-butene and
2-butene give sec-butyl alcohol. The sulfuric acid is generally concentrated and
recycled (101) (see BUTYL ALCOHOLS).

CH3CH2CH CH2

CH3CH CHCH3

or CH3CH2CHCH3

OSO3H

CH3CH2CHCH3+  H2SO4

OH

H2SO4 H2O

Di- and Triisobutylenes. Diisobutylene [18923-87-0] and triisobutylenes
are prepared by heating the sulfuric acid extract of isobutylene from a separation
process to about 908C. A 90% yield containing 80% dimers and 20% trimers
results. Use centers on the dimer, C8H16, a mixture of 2,4,4-trimethylpentene-1
and -2. Most of the dimer-trimer mixture is added to the gasoline pool as an
octane improver. The balance is used for alkylation of phenols to yield octylphe-
nol, which in turn is ethoxylated or condensed with formaldehyde. The water-
soluble ethoxylated phenols are used as surface-active agents in textiles, paints,
caulks, and sealants (see ALKYLPHENOLS).

C8H16 þ C6H5OH �! ðC8H17ÞC6H4OH �����!n�C2H4O

ðC8H17Þ���C6H4���ðOCH2CH2ÞnOH

The octylphenol condensate is used as an additive to lubricating oils and surface-
active agents. Other uses of dimer are amination to octylamine and octyldiphe-
nylamine, used in rubber processing; hydroformylation to nonyl alcohol for
phthalate production; and carboxylation via Koch synthesis to yield acids in for-
mulating paint driers (see DRYING).
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Butylated Phenols and Cresols. Butylated phenols and cresols, used pri-
marily as oxidation inhibitors and chain terminators, are manufactured by direct
alkylation of the phenol using a wide variety of conditions and acid catalysts,
including sulfuric acid, p-toluenesulfonic acid, and sulfonic acid ion-exchange
resins (102,103). By use of a small amount of catalyst and short residence
times, the first-formed, ortho-alkylated products can be made to predominate.
For the preparation of the 2,6-substituted products, aluminum phenoxides
generated in situ from the phenol being alkylated are used as catalyst. Reaction
conditions are controlled to minimize formation of the thermodynamically
favored 4-substituted products (see ALKYLPHENOLS). The most commonly used is
p-tert-butylphenol [98-54-4] for manufacture of phenolic resins. The tert-butyl
group leaves only two rather than three active sites for condensation with
formaldehyde and thus modifies the characteristics of the resin.

2,6-Di-tert-butyl-4-methylphenol [25377-21-3] (di-tert-butyl-p-cresol) or
butylated hydroxytoluene (BHT)) is most commonly used as an antioxidant in
plastics and rubber. Use in food is decreasing because of legislation and it is
being replaced by butylated hydroxy anisole (BHA) (see ANTIOXIDANTS; FOOD

ADDITIVES).
Heptenes. Heptenes, C7H14, are used for the preparation of isooctyl

alcohol [26952-21-6] by hydroformylation (see OXO PROCESS). The heptenes are
prepared by very carefully controlled fractionation of polymer gasoline. Specifica-
tions generally call for >99:9% C7 content (including some paraffin that is also
formed) to simplify processing.

tert-Butylamine. tert-Butylamine [75-64-9] is used as an intermediate in
the manufacture of lubricating oil additives and miscellaneous chemicals. It is
manufactured using the Ritter reaction. Isobutylene first reacts with sulfuric
acid and then HCN to yield tert-butylamine.

ðCH3Þ2C¼¼CH2 ���!H2SO4 ðCH3Þ3COSO3H ��!HCN ðCH3Þ3CN¼¼CHOSO3H �!H2O

ðCH3Þ3CNHCHO ��!OH� ðCH3Þ3CNH2

tert-Butyl Alcohol. tert-Butyl alcohol [75-65-0] is an intermediate in the
separation of isobutylene from a mixed butane–butylene stream. It is manufac-
tured by the hydrolysis of the acid extract in the isobutylene separation process.
A small amount is used as a solvent. It is also a significant coproduct in Arco’s
(now BP) Oxirane process (104) which produces propylene oxide [75-56-9]. tert-
Butyl alcohol is derived from isobutane, which is the oxygen carrier for the
process:

(CH3)3CH
[O]

(CH3)3COOH

(CH3)3COOH  +  CH3CH CH2 CH3CH CH2  +  (CH3)3COH
O

It competes directly with MTBE as an octane enhancer in the gasoline pool. Since
MTBE is more desirable than tert-butyl alcohol because of its total miscibility
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with gasoline, tert-butyl alcohol will be an important source of isobutylene used
in the manufacture of MTBE. High purity isobutylene, C4H8, can be obtained by
dehydration of tert-butyl alcohol, C4H10O.

tert-Butyl Mercaptan. tert-Butyl mercaptan [75-66-1] is used primarily as
an odorant at <30 ppm for natural gas so that leaks can be easily detected. It is
manufactured by the reaction of isobutylene and hydrogen sulfide in the pre-
sence of acid catalysts (105).

Primary Amyl Alcohols. Primary amyl alcohols (qv) are manufactured
by hydroformylation of mixed butenes, followed by dehydrogenation (106).
Both 1-butene and 2-butene yield the same product though in slightly different
ratios depending on the catalyst and conditions. Some catalyst and conditions
produce the alcohols in a single step. By modifying the catalyst, typically a cobalt
carbonyl, with phosphorus derivatives, such as tri(n-butyl)phosphine, the linear
alcohol can be the principal product from 1-butene.

CH3CH CHCH3

CH3CH2CH CH2

or
catalyst

CH3CH2CHCH3

CHO

CH3CH2CH2CH2CHO

+

CH3CH2CHCH3

CH2OH

CH3CH2CH2CH2CH2OH

+
H2–CO H2

The main use of the amyl alcohols is as esters such as acetates for solvents.
Di- and Triisobutylaluminums. Triisobutylaluminum [100-99-2] is pre-

pared by reaction of isobutylene with aluminum at 808C and 20.3 MPa
(200 atm) of hydrogen (107). It is used as a catalyst for ethylene oligomerization
to prepare even numbered, linear 1-olefins. Use of stochiometric quantities of
triisobutylaluminum followed by oxidation of the resulting mixture of long-
chain aluminum alkyls yields even numbered, terminal primary alcohols in
the plasticizer and detergent range (108). Oxychem uses this process in the
United States to manufacture plasticizer (C6–C10) and detergent (C16–C22)
range alcohols (see ALCOHOLS, HIGHER ALIPHATIC).

Triisobutylaluminum is converted to diisobutylaluminum chloride [1779-
25-5] and diisobutylaluminum hydroxide [1191-15-7], which are used as cocata-
lysts for Ziegler polymerization systems. Corresponding ethyl compounds are
prepared via the reaction of triisobutylaluminum with ethylene.

Butylene Oxide. Butylene oxides are prepared on a small scale by Dow by
chlorohydrin technology. There appears to be no technical reason why they could
not be prepared by the propylene oxide Oxirane process (see CHLOROHYDRINS).

A significant use of butylene oxide [26249-20-7] is as an acid scavenger for
chlorine-containing materials such as trichloroethylene. Inclusion of about 0.25–
0.5% of butylene oxide, based on the solvent weight, during preparation of vinyl
chloride and copolymer resin solutions minimizes container corrosion which may
be detrimental to resin color and properties.

p-tert-Butyltoluene. p-tert-Butyltoluene [98-51-1], prepared by acid cata-
lyzed alkylation of toluene with isobutylene under mild conditions (109,110), is
an intermediate in the production of p-tert-butylbenzoic acid [98-73-7]. This
acid is used as a chain-length control agent in the preparation of unsaturated
polyester resins. Solubility characteristics offer some advantage over benzoic
acid.
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Neopentanoic (Pivalic) Acid. Neopentanoic acid [75-98-9] is prepared
using the Koch technology in which isobutylene reacts with carbon monoxide
in the presence of strong acids such as H2SO4, HF, and BF3�H2O (111–114). Gen-
eral reaction conditions are 2–10 MPa (about 20–100 atm) of CO and 40–1508C.

(CH3)2C CH2 (CH3)3C+OSO3H – (CH3)3CCOSO3H

O

(CH3)3CCOH  +  H2SO4

O

H2SO4 CO

H2O

The acids are converted to peroxy esters for use as polymerization initiators. The
metal salts are used as driers in paint formulations (see CARBOXYLIC ACIDS,
TRIALKYLACETIC ACIDS).

Methylallyl Chloride. Methallyl chloride [563-47-3] is the principal pro-
duct when isobutylene and chlorine react over a wide range of temperatures
(115). Very little addition takes place.

CH3C CH2  +  Cl2
CH3

CH2 CCH2Cl

CH3

This allylic chloride is a chemical intermediate for various specialty products, but
it has no single significant commercial use (see CHLOROCARBONS AND CHLOROHYDRO-

CARBONS, ALLYL CHLORIDE).
Butylated Hydroxy Anisole (BHA). This material is an oxidation inhibi-

tor and has been accepted for use in foods where the use of butylated hydroxyto-
luene (BHT) is restricted (see FOOD ADDITIVES). It is manufactured by the
alkylation of 4-hydroxyanisole [150-76-5] with isobutylene that yields a mixture
of 2- and 3-tert-butyl isomers as products (116).

OCH3

OH

C(CH3)3

OCH3

OH

C(CH3)3

OCH3

OH

 C4H8+

BHA

�

Methyl Methacrylate and Methacrylic Acid. The traditional production of
methyl methacrylate [80-62-6] and methacrylic acid [79-41-4] involves the reac-
tion of acetone with HCN and subsequent conversion to methyl ester and by-
product ammonium bisulfate.

The handling of toxic materials and disposal of ammonium bisulfate have
led to the development of alternative methods to produce this acid and the
methyl ester. There are two technologies for production from isobutylene now
available: ammoxidation to methyl methacrylate (the Sohio process), which is
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then solvolyzed, similar to acetone cyanohydrin, to methyl methacrylate; and
direct oxidation of isobutylene in two stages via methacrolein [78-85-3] to
methacrylic acid, which is then esterified (117). Since direct oxidation avoids
the need for HCN and NH3, and thus toxic wastes, all new plants have elected
to use this technology.

Methyl tert-Butyl Ether (MTBE). Methyl tert-butyl ether [1634-04-4] is
made by the etherification of isobutylane with methanol, and there are six com-
mercially proven technologies available. These technologies have been developed
by Arco, IFP, CDTECH, Phillips, Snamprogetti, and Hüls (licensed jointly with
UOP). The catalyst in all cases is an acidic ion-exchange resin. The United States
has been showing considerable interest in this product. Western Europe has been
manufacturing it since 1973 (ANIC in Italy and Hüls in Germany). Production of
MTBE in the U.S. was reported recently at 2 59,190 barrels/day (118).

The etherification reaction is equilibrium limited, requiring an excess of
methanol to drive the reaction. Conversion is favored by low temperature
whereas the reaction kinetics are favored by high temperature. A compromise
on temperature must be made in order to obtain an economic design. The ether-
ification reaction is exothermic, and these technologies differ primarily in the
type of reactor employed and the method for removing heat of reaction.
In these processes, the reaction is carried out in two reactors connected in series
to facilitate heat removal and also for economic reactor design. Typically, isobu-
tylene conversion is about 95%, with most of the conversion taking place in the
first reactor. Units can also be designed to obtain greater than 99% conversion.

The first reactor in series in the Arco, IFP, and Phillips processes is adia-
batic (vessel filled with catalyst). The exothermic heat of reaction is removed in a
pump-around loop where a portion of the reactor contents are taken from the
reactor, pumped through an external exchanger, cooled, and returned to the
reactor.

The Snamprogetti process utilizes a tubular isothermal reactor (tubes filled
with catalyst) for the first reactor with cooling water on the shell side to control
temperature. The Hüls process uses either an adiabatic or isothermal reactor for
the first reactor.

In the CDTECH process (formerly CR&L technology), the first reactor is
adiabatic. The heat of reaction is removed partly by vaporization of the reaction
mix. The operating temperature is controlled by adjusting the operating
pressure.

The reactor combinations for the two reactors in series consist of two fixed-
beds for the Arco process; an expanded bed followed by a catalytic distillation
reactor for IFP; a fixed-bed followed by a catalytic distillation reactor for
CDTECH; and two fixed-beds for Phillips. The Hüls process uses an adiabatic
reactor for the second reactor.

The various sources of isobutylene are C4 streams from fluid catalytic crack-
ers, olefin steam crackers, isobutane dehydrogenation units, and isobutylene pro-
duced by Arco as a coproduct with propylene oxide. Isobutylene concentrations
(weight basis) are 12 to 15% from fluid catalytic crackers, 45% from olefin
steam crackers, 45 to 55% from isobutane dehydrogenation, and high purity iso-
butylene coproduced with propylene oxide. The etherification unit should be
designed for the specific C4 feedstock that will be processed.
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Polymers. Polymers account for about 3–4% of the total butylene con-
sumption and about 30% of nonfuels use. Homopolymerization of butylene
isomers is relatively unimportant commercially. Only stereoregular poly
(1-butene) [9003-29-6] and a small volume of polyisobutylene [25038-49-7] are
produced in this manner. High molecular weight polyisobutylenes have found
limited use because they cannot be vulcanized. To overcome this deficiency a
butyl rubber copolymer of isobutylene with isoprene has been developed. Low
molecular weight viscous liquid polymers of isobutylene are not manufactured
because of the high price of purified isobutylene. Copolymerization from rela-
tively inexpensive refinery butane–butylene fractions containing all the buty-
lene isomers yields a range of viscous polymers that satisfy most commercial
needs (see OLEFIN POLYMERS; ELASTOMERS, SYNTHETIC-BUTYL RUBBER).
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