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A new, improved, solid-acid catalyzed process for generating linear
alkylbenzenes (LABS)
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Linear alkylbenzenes (LABS) comprising >80% 2-phenyl isomer content, have been prepared in high yields from detergent-range linear
olefins via regiosel ective benzene alkylation. HF-treated mordenites, acidic Beta-zeolites, and fluorided montmorillonite clays, each provide
enhanced shape-selective akylation performance when employed as heterogeneous catalysts in the subject syntheses. Both individual Cg—
C12 a-olefins, aswell asmixed, commercia plant-derived, C1q through Cq4 paraffin dehydrogenate feedstocks containing ca. 8.5% internal
olefins, have been successfully alkylated for extended periods using reactive distillation technology.
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1. Introduction

The carbonium ion alkylation of arenes with detergent-
range, linear olefins, catalyzed by protonic acids typically
produces linear, secondary phenylalkanes (LABS) that are
a mix of positional isomers (equation (1)), i.e., 2-phenyl,
3-phenyl, etc. [1]. US production of LAB currently exceeds
one billion Ib/yr [2], and global consumption is predicted to
grow at an annual rate of 3.6%. The practice of this chem-
istry on acommercial scale can still, however, present pecu-
liar challenges, particularly regarding:

e The regioselectivity of the alkylation is difficult to con-
trol, specifically where, in the case of benzene alkylation,
there is now an increasing need to preferentialy gener-
ate the more desirable 2-phenyl akylate (where in equa-
tion (1), R” ismethyl), and to avoid the formation of non-
linear alkylbenzenes. The 2-phenyl isomers are preferred
because, amongst the possible phenylalkane sulfonate
(LAS) isomer derivatives (equation (2)), the 2-phenyl
LAS (R” = CH3) have the most favorable biodegrada-
tion and solubility characteristics[3].

e Theuse of long-chain alkenes may result in theformation
of significant quantities of heavy organics — particularly
polyalkylaromaticsand tetralin derivatives, together with
carbonaceous deposits.

e Thelow mutual solubilities of the liquid alkenes with the
liquid aromatics may necessitate alternative mixing pro-
cedures in order to achieve high yields of desired prod-
ucts.

e The low temperatures needed to conduct this akylation
selectively may result in the accumulation of water in the
reactor, brought in with the alkylation feed components.

* Present address: Shell Chemical Company, PO Box 1380, Houston, TX
77251-1380, USA.
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Traditionally, the production of linear alkylbenzenes
(LABs) from detergent range olefins plus benzene has been
practiced commercially using either Lewis acid catalysts, or
liquid hydrofluoric acid (HF) [1]. The HF catalysistypically
gives 2-phenylalkane selectivities of only 17-18%. Morere-
cently, UOP/CEPSA have announced the DetalR process for
LAB production that is reported to employ a solid acid cat-
alyst [4]. Within the same time frame, a number of papers
and patents have been published describing LAB synthesis
using arange of solid acid (sterically constrained) catalysts,
including acidic clays[5], sulfated oxides[6], plus avariety
of acidic zeolite structures[7-10]. Many of these solid acids
provideimproved 2-phenylalkane selectivities.

We have discovered that linear alkylbenzeneswith >80%
2-phenyl content can be generated using fluoride-treated
acidic mordenite catalysts and that benzene alkylation with
a variety of olefin feed-stocks can be maintained with
these HF/mordenite catalysts for extended periods through
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the use of reactive digtillation techniques [11-13]. This
chemistry is illustrated in equation (3) for the synthesis of
2-phenyldecane.

CH,
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CH3(CH,),CH —CH, + E— {

(CH,),CH;
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The fluoride-treated acidic mordenite catalysts have in
fact the triple advantages of ;

(1) High alkylation activity that allows quantitative alkene
conversions at adequate feed rates.

(2) Exceptionally high regioselectivity for the more desir-
able 2-phenyl LAB.

(3) Sustainable alkylation activity that ensureslong catalyst
life, ease of handling, and ready regeneration.

2. Experimental

The mordenite zeolites used in this study were purchased
from both PQ Corporation (CBV-20A, silica/alumina molar
ratio 20, NapO content 0.02 wt%, surface area 550 m?/g,
in 1/16” extruded form) and from Union Carbide Corpora-
tion (LZM-8, silicalalumina molar ratio 17, NaxO content
0.02%, surface area 517 m2/g in powder form). All samples
were calcined at 540 °C prior to use.

Thefollowing exampleillustrates the preparation of ahy-
drogen fluoride-modified mordenite.

To a 500 g sample of acidic, dealuminized mordenite
(CBV-20A from PQ Corporation, SiO2/Al,0O3 molar ratio

d catalysis for LAB synthesis

20, NapO, 0.02 wt%, surface area 550 m?/g, 1/16” diame-
ter extrudates that had been calcined at 538 °C, overnight)
was added a solution of 33 ml of 48% HF in 1633 ml of
distilled water, and the mix cooled in ice, stirred on arotary
evaporator overnight, then filtered to recover the extruded
solids. The extrudates were further washed with distilled
water, dried in vacuo at 100 °C, and then calcined at 538 °C,
overnight. Analyses of the treated mordenite showed: 1.2%
fluoride, 0.49 meg/g acidity.

Samples of Beta zeolite, comprising 80% pg-zeolite
(SiO2/Al1203 molar ratio 23.9) and 20% alumina binder, in
1/16" diameter extruded form, were purchased from PQ
Corporation.

The preparation of hydrogen fluoride-modified montmo-
rillonite clays has been described by us previously [14]. All
untreated clay sampleswere purchased from Engelhard Cor-
poration.

Individual «-olefin feedstocks were purchased from
Aldrich Chemical Company. The C10—Ci4 paraffin dehy-
drogenate was obtained from a commercia LAB plant and
contained 8.5% C10—C14 olefins, primarily a mixture of in-
ternal olefins.

Continuous benzene akylation was conducted in a reac-
tive distillation of thetypeillustrated infigure 1. The process
unit comprises the following principal elements. a column
of solid catalyst 32, packing columns above and below the
catalyst bed, aliquid reboiler 42 fitted with aliquid bottoms
product takeoff 44, a condenser 21 fitted with a water col-
lection and takeoff, and a feed inlet 14 above the catalyst
column, plus the necessary temperature and pressure con-
trols. The feed mixture of benzene and olefin flows from a
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Figure 1. Schematic of reactive distillation unit used for LAB synthesis.
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Table 1
Benzene/a-olefin alkylation with fluorided clay and Beta zeolite cataysts.
Ex. Catalyst Alkene  Benzene/adkene Benzene/alkene feed rate (LHSV) Catalyst bed diameter  Alkene conv.  2-phenyl sdl.
molar ratio (1 (cm) (%) (%)
1 F-clay 1-decene 20 0.08 25 98 38
2 Fcay  1-decene 20 0.4 25 >99 38
3 F-clay 1-decene 20 1 41 50 38
4 Fcay  1-decene 10 0.4 41 99 36
5 F-clay 1-decene 5 0.4 4.1 96 35
6 F-clay 1-octene 10 0.4 41 99 40
7 Betazeolite 1-decene 20 0.08 41 >95 50
8 Betazeolite 1-decene 20 0.4 4.1 62 47
feed pump 10 to a feed inlet 14 vialine 12 and falls to the 40 T
packed acidic catalyst bed 32 where akylation takes place. ;\3 35 T T —
Typically the catalyst bed comprises two parts, one 24 cmin ~
length, the other ca. 55 cm and has a total volume of about o 30
250 cm?. Inthe catalyst bed 32, thefalling feed also contacts g o5
rising vapors of unreacted benzene which have been heated QO
to reflux in reboiler 42 by heater 40. Such rising vapors —~ 20
pass over the thermocouple 38, which monitors temperature :\3 15 - B — %
and provides feedback to heater 40. The rising vapors aso ~
pass through standard, woven mesh, stainless steel, Goodloe ?; 10
packing 36 that holds the catalyst bedsin place. 7]
Prior to start-up, the reboiler is charged with 1700-500 ml 5 b
of benzene/olefin feed mix, and the complete system is 0 S 2
flushed with nitrogen, which enters via line 54. Also, prior 0 100 200
to start-up, it may be desirable to heat the catalyst bed so as
to remove any residual moisture. Trace moisture in the feed Time (hr)

mix is collected in water trap 24 after liquifying at condenser
21. The reboiler mix is then heated to reflux and the ben-
zene/olefin mix continuously introduced into the unit above
the catalyst bed as described above. When the LAB content
in the reboiler 42 risesto the desired level, the bottoms LAB
product is removed from the system vialine 47 and valve 44.
Thedip tube 46 isemployed to sightly increase the pressure
inthereboiler 42. Alternatively, apressure generator 56 may
be employed. Control mechanisms for heat shut-off 50 and
pump shut-off 52 serve to close down heat/feed if the liquid
level in the system risestoo high. Line 60 connectsthe pump
shut-off 52 to the system above the condenser 21.

3. Reaultsand discussion

Four classes of solid acid catalyst have in fact been con-
sidered in thiswork for benzene alkylation. They are:
o fluorided montmorillonite clays;
e zeolite Beta;
e dealuminized mordenite;
o fluorided, dealuminized mordenites.
Alkylation has been studied using both individual «-olefin
cuts (e.g., 1-decene and 1-dodecene) as well as typica
samples of C10—Ciya paraffin dehydrogenate that contains

ca. 8.5% C10—C14 oOl€efins, primarily internal olefins. Syn-
theses were, for the most part, conducted in a continuous

Figure 2. Benzene akylation with 1-decene, using 0.5% HF on acidic mont-
morillonite clay catalyst. (a) Total Ph-Cqg conc. (%), (M) total decene
conc. (%), and (+) 2-Ph-Cyq selectivity (%).

reactive ditillation unit of the type illustrated in figure 1,
operated dlightly above atmospheric pressure. Operational
details for this unit may be found in the experimental sec-
tion.

Benzene alkylation with 1-decene using the acidic mont-
morillonite clayswas examined over arange of experimental
conditions. A 0.5% HF on acidic montmorilloniteclay, dried
in vacuo, and ground to 20/60 mesh [14] was employed.
Typically feeding excess benzene (benzene/1-decene mo-
lar ratio 20/1), the 2-phenyldecane isomer selectivity (equa
tion (3)) was ca. 38% at olefin conversions >90%, see ta-
ble 1, ex. 1. Performance of these fluorided clays has been
examined as a function of the benzene/1-decene feed com-
position, total liquid feed rate (liquid hourly space velocity,
LHSV), and operating configuration (table 1). Switching to
1-octene as the co-feed, the 2-phenyl-Cg selectivity rose to
40% (ex. 6). Extended runswith the same 0.5% HF/clay cat-
alyst, but feeding benzene/1-decene (10/1 molar) led to very
little changein alkylation activity, or 2-phenyldecaneisomer
selectivity, over a 200 h run period, see figure 2. During the
majority of this experiment, it was observed that:

e decene conversionswere quantitative;
e 2-phenyldecaneisomer distribution was 35-38%.
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Table 2
Benzene akylation with 1-dodecene, fluorided mordenite catalyst.
Dodecene conv. LAB isomer distribution (%) Heavies  Linear LAB
(%) 2-Ph 3-Ph 4-Ph 5-Ph 6-Ph (%) (LLAB)
99.7 79.9 16.6 0.8 13 13 0.2 95.9
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Figure 3. Benzene akylation with C19—C14 paraffin dehydrogenate; FM — using fluorinated mordenite catalyst; M — using the non-fluorinated mordenite
precursor. (A) 2-phenyl selectivity (%) FM, (x) 2-phenyl selectivity (%) M, () akylate concentration (%) FM, and (M) alkylate concentration (%) M.

Higher 2-phenyl-Cig selectivitieswererealized when switch-
ing to Beta-zeolite (silicalalumina 23.9) asthe solid acid cat-
alyst. Under steady state conditions, the 2-phenyldecaneiso-
mer content was now ca. 50%, at near quantitative decene
conversionlevels, seetable 1, ex. 7-8. Thesedataareconsis-
tent with the earlier batch studies by Young [10] for arange
of large-pore zeolites, including 8-zeolite.

A further, and substantial improvement in 2-pheny! iso-
mer selectivity was achieved by using a HF-treated mor-
denite catalyst, prepared as described in section 2. These
acidic, dealuminized, mordenite zeolite catalysts typicaly
have silicalaumina ratios in the range 10: 1 to 50: 1, plus
low sodium contents, and after HF treatment, their fluoride
contents are generally in therange 0.1 to 4%. The HF treat-
ment is likely to decrease the total Bransted acid site density
but increase the strength of the remaining acid sites in the
mordenite. This, in turn, would be expected to raise the re-
activity of the carbocation intermediatesformed during LAB
synthesis. Surface fluorination of H-mordenite has been re-
ported previoudly to increase both the catalyst alkylation ac-
tivity, as well as enhancing the stability [15]. Under batch,
refluxing benzene conditions (ca. 80 °C), we have observed:

e dodecene conversions are close to quantitative after 3 h;

e 2-phenyldodecaneisomer selectivity is 79.9%;
e heaviesmakeisonly ca. 0.2%.

The detailed distribution of LAB isomersin this experiment
isprovidedin table 2.

The fluorided mordenite catalysts are particularly ef-
fective for benzene akylation with typical, plant-derived,
C10—C14 paraffin dehydrogenate. Figure 3 illustrates contin-
uous alkylation over 250 h using a 1.2% fluorided morden-
ite catalyst (250 cm?3) in the reactive distillation unit of fig-
ure 1. Feeding a benzene/paraffin dehydrogenatemix (10: 1
molar CgHg/C10—C14 Ol€fin) the 2-phenyl isomer selectiv-
ity remains in the range 75-83%, while total olefin conver-
sions are above 95%. The recovered HF-treated morden-
ite shows <10% loss of fluoride and a maintained acidity
(1.1% F, 0.29 meg/q titratable acidity). One of the intrin-
sic advantages of the reactive distillation configuration, il-
lustrated here in figure 1, is that the rising benzene vapors
from the reboiler continually wash the HF/mordenite cat-
alyst of heavy organics, thereby increasing the lifetime of
the solid acid. Improved catalyst life and performance is
further enhanced through continuously removing any water
fraction from the catalyst area. By better mixing of Cio—
Ci4 olefin and benzene reactants and increasing the instan-
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Table 3
Benzene alkylation with 1-dodecene, fluorinated mordenite catalysts.
Catalyst Fluoridelevel  Dodecene conv. LAB isomer distribution Heavies

(%) (%) 2-Ph  3Ph 4Ph 5Ph 6-Ph (%)

A 0.25 >90 716 29 29 11 13 0

B 0.5 >90 73 22 29 12 08 0

C 1 >90 743 195 29 34 0

D 48 <1

84 15? Catalyst lives well in excess of 500 h on stream have
Q — [ been demonstrated with the fluorided mordenite catal ysts us-
= 82 1 S ing the reactive digtillation technology. When feeding typ-
‘S‘ 80 | 10'1:; ical C1g—C14 paraffin dehydrogenate at LHSV of 0.2, aver-
g M = age C10—Cu4 olefin conversions are near quantitative, while
% 78 ! \ 8 2-phenyl LAB selectivities are in the range 74-84%. The
@ 76 PN — 5 bromine numbers of these stripped LAB products are typi-
> TN L5 © cally 0.1 — 0.5. Illustrative data may be found in figure 4.
274 s Elemental analyses of the recovered catalyst in this case
i 70 g shows 1.0% fluoride and a titratable acidity of 0.34 meg/g.
< MAS NMR studies indicate some loss of tetrahedral alu-
70 ‘ ‘ 0 mina [16]. Generaly, for typical used HF/mordenite sam-
0 200 400 ples, carbon isfairly evenly distributed throughout the sam-
Time (hr) ple. For partially deactivated catalysts, the deposits are

Figure 4. Benzene alkylation with C10—Cy4 paraffin dehydrogenate cat-
alyzed by fluorinated mordenite. (M) 2-phenyl selectivity (%) and (#) aky-
late concentration (%).

taneous CgHg concentration in the alkylation zone, we are
able to achieve selective benzene monoalkylation, with only
trace quantities of undesirable dialkylated benzene homo-
logues and tetralin derivatives (see table 2).

Figure 3 also includes a comparative experiment, where
the solid acid catalyst is a sample of non-fluorided (but cal-
cined), acidic mordenite. Here we see (@) a significant loss
of alkylation activity with time on stream and (b) a meas-
urably lower 2-phenyl isomer content. The 2-phenyl iso-
mer selectivity (70-75%) observed in this second experi-
mental series is, however, within the range reported earlier
by Travers et al., who aso used non-fluorinated, but dealu-
minized, mordenite catalysts for benzene/1-dodecene batch
alkylation [7].

Performances of these acidic mordenite zeolites have
been examined as a function of the level of fluoride treat-
ment. For mordenites treated with HF to fluoride levels
of 0.25, 0.5, and 1.0%, batch alkylation at ca. 80°C of
typical benzene/1-dodecene mixtures show (after 1 h) very
similar levels of activity and 2-phenyl selectivity, see ta
ble 3. A more heavily loaded, 4.8% fluorided morden-
ite (catalyst D), however, was inactive. Anayses of the
freshly-treated mordenitesby MAS NMR indicated that the
mildly-treated catalysts A—C still retained their tetrahedral
Al, whereas there was no framework tetrahedral Al remain-
ing in the case of catalyst D and the sample was compl etely
dealuminized [16]. McVickers et al. report that severe fluo-
ridation also leads to the conversion of non-framework alu-
minum speciesto AlF3 [17].

mainly polyalkylated aromatics. Polymer coke is prevalent
in fully deactivated samples. Nevertheless, asimple calcina-
tion will fully restore alkylation activity and sustainablelife-
times in C12—Cy4 paraffin dehydrogenate/benzene service of
>3000 h have been demonstrated.
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