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Abstract

p-tert-Butylcyclohexanol is used as an intermediate for manufacturing esters with lower carboxylic acids, which are impor-
tant in perfumery, soap and detergents manufacturing. Stereoselective hydrogengdieri-bfitylphenol (PTBP) teisand
trans-p-tert-butylcyclohexanol (PTBCH) has been carried out by using supported metal catalysts such as rhodium supported
on carbon (2% Rh/C), Raney nickel, nickel supported on silica (20% N)$Sadd palladium supported on carbon (5% Pd/C).
Among the variety of catalysts used 2% Rh/C exhibited 100% conversion of PTBP and 100% selectivityisfdbmer of
PTBCH when methanesulphonic acid was used as the co-catalyst. The reaction was 100% selective towards the product. The
effects of various parameters on the rates of reaction were studied systematically and a kinetic model was built. The reaction
was found to be kinetically controlled. The formatiorcif-isomer was explained theoretically. © 2002 Published by Elsevier
Science B.V.
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1. Introduction industrial interests attaches only to ttie-form of the

corresponding monoalkylcyclohexanols as they serve
Stereoselective  hydrogenation of aromatic as important intermediates for the fragrance industry

compounds is a problem of great importance in the [2].

production of fine chemicals. The stereochemistry  4-tert-Butylcyclohexanol (PTBCH), a chemical of

of different heterogeneous catalytic reactions has re- wide industrial importance, is conventionally pre-

mained a subject of considerable interest throughout pared by catalytic hydrogenation oftdrt-butylphenol

the years [1]. In such catalytic systems, the activity (PTBP). It is used as an intermediate for manufac-

and stereoselectivity has been seen to depend on thduring esters with lower carboxylic acids, which are

nature of the catalyst and of the compound to be hy- important in perfumery, soap and detergent manufac-

drogenated, reaction conditions, solvents, etc. Severalturing [3]. There are various reports in literature on

studies have focused on the liquid-phase catalytic hydrogenation of 4ert-butylphenol using supported

hydrogenation of monoalkylphenols. In this case, and unsupported metal catalysts. Konuspaev et al. [4]
synthesized PTBCH with aig/trans ratio of 1:2 by

"+ Corresponding author. Tel /fax:91-22-4102121. hydrogenation of PTBP over unsupported rhodium

E-mail addressesgdyadav@yahoo.com, gdy@udct.ernet.in catalyst. Sekiguchi and Tanaka [5] have claimed
(G.D. Yadav). 93.4% PTBCH with acigltrans ratio of 89.9:10.1
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in the presence of Rh/C and HCI. In another claim,
Sekiguchi and Tanaka [6] have reported 93.1% PT-
BCH with a cig/trans ratio of 91.1:8.9 over Rh/C
and HBr. Vogtman et al. [7] hydrogenated PTBP to
give 99.3% PTBCH containing 28%s-isomer in the
presence of nickel supported on alumina. Furumoto
et al. [8] synthesized 99.2% PTBCH at 18D and
3MPa in the presence of modified nickel catalyst.
Morikawa [9] has obtained 97% PTBCH containing
58%cis in presence of Raney Ru catalyst. In another
claim, 95.5% PTBCH containing 82.1%is-isomer
was obtained over Rh/C and HGJ@10].

This work is concerned with experimental data on
cis selectivity and the corresponding kinetic modeling
for 4-tert-butylphenol hydrogenation over a supported
rhodium catalyst.

2. Experimental

2.1. Chemicals and catalysts

p-tert-Butylpnenol, methanesulphonic acid and iso-
propanol were obtained from M/s S.D. Fine Chemi-
cals, Mumbaip-tert-Butylcyclohexanol was obtained
from M/s Hindustan Polyamides and Fibres, Mumbai,
as a gift sample. Rhodium supported on carbon (2%
Rh/C) was procured from M/s S.K. Agarwal, Mum-
bai. Raney nickel was obtained from Kalin Indus-
tries, Mumbai. Supported Ni catalyst (20% Ni/S)O
was procured from M/s Monarch Chemicals, Mum-
bai. All chemicals were analytical grade reagents
and used without further purification. Hydrogen
gas cylinder was obtained from Industrial Oxygen,
Mumbai.

2.2. Reaction procedure

All experiments were carried out in a 100 ml stain-
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controller. Once the temperature had reached the set
point, the autoclave was pressurized with hydrogen

to the desired pressure level and agitation started.
A constant pressure was maintained throughout the
reaction period by opening the hydrogen inlet valve

intermittently.

In a typical experiment, 0.02mol of PTBP and
iso-propanol were added to make-up a total volume
to 50cn?. A typical catalyst loading of 0.2g was
used which corresponds to 0.004 gfciiquid vol-
ume. 0.001 mol of methanesulphonic acid (MSA)
was added as co-catalyst to get the desired selectivity
towards cis-isomer. The reaction mixture was then
allowed to reach a temperature of €D and the ini-
tial/zero time sample was collected. Agitation was
then commenced at a particular speed. Samples were
withdrawn periodically for analysis.

2.3. Analysis

Analysis of the reaction mixture was done using
G.C. (Chemito 8510) using 10% Carbowax neutral
2m x 3.2mm) column on Chromosorb WHP with
FID. The injector and detector were kept at 280
and the oven temperature was programmed from
130°C (0.5min) up to 215C with a ramp rate of
20°C min—L. Nitrogen was used as the carrier gas at
30mImin~1. Calibrations were done with authentic
samples for quantification of data. Identification of
products was done by GC MS and by matching the
retention time of reaction products to the authentic
compounds in all cases.

3. Results and discussion
3.1. Effect of different catalysts

The published information suggested that an acid

less steel autoclave manufactured by Parr Instrumentsshould be used as a co-catalyst to improve the selec-

Company, USA. A four bladed-pitched turbine im-
peller was used for agitation. Hydrogen gas was

tivity of the cis-isomer and acids such as&0,, HCI,
HBr and HCIQ were employed. It was thus thought

supplied from a cylinder. Predetermined quantities of prudent to employ an organic acid such as carboxylic
reactants and the catalyst were charged into the au-acids or sulphonic acids. The preliminary experiments
toclave which was repeatedly purged with hydrogen. indicated that MSA was a good co-catalyst which was
The autoclave temperature was raised and main- used to evaluate the efficacy of all catalysts. A fur-
tained at+1°C of the desired value with the help ther discussion on the role of MSA will be provided

of an in-built proportional-integral-derivative (PID) later.
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Table 1 100
Effect of various catalysts on conversion of PTBP
Catalyst Conversion (%) cis/trans ratio 9
2% Rh/C 100 100/0 80 1
5% Pd/C 100 52/48 70 1
Raney nickel 100 27.2/72.8 -
Nickel supported on 60 27173 L2 60 -
silica (20% Ni/SiQ)¢ g
apTBP: 4x 104 gmol/cn?; catalyst loading: 0.004 g/cin g 509
MSA: 2x 10~5 gmol/cn?; temperature: 80C; hydrogenation pres- O 4o
sure: 0.5MPa; speed of agitation: 800 rpm; solvésa:propanol; S
time: 60 min. 30 -
bPTBP: 2x 10 5gmol/cn?; catalyst loading: 0.01g/ctn
MSA: 2 x 10~°gmol/cn®; temperature: 130C; hydrogen pres- 20
sure: 3MPa; speed of agitation: 800 rpm; solveaat-propanol;
time: 90 min. 10 4
CPTBP: 2x 10-° gmol/cn?; catalyst loading: 0.01 g/ctntem- 0
perature: 130C; hydrogen pressure: 3MPa; speed of agitation: ' ' ‘ ' ' '
1000 rpm; solventiso-propanol; time: 120 min. 0 10 20 30 40 50 60 70
dPTBP: 2x 10-° gmol/cn?; catalyst loading: 0.02 g/cntem- Time, min

perature: 150C; hydrogen pressure: 3MPa; speed of agitation:

800 rpm; solventiso-propanol; time: 180 min. Fig. 1. Effect of speed of agitation on conversion of PTBP.

PTBP: 4x 10~*gmol/cn?; catalyst loading: 0.004 g/ctn MSA:
2 x 10~5 gmol/cn?; temperature: 80C; hydrogenation pressure:
The catalysts used were rhodium supported on car- 0.5MPa; solventiso-propanol; time: 60 min. €) 600rpm; {J)

bon (2% Rh/C), Raney nickel, nickel supported on 800rpm; (A) 1000rpm.

silica (20% Ni/SiQ), and palladium supported on

carbon (5% Pd/C). It was found that 2% Rh/C of-

fered higher conversion and selectivity as compared 3.2. Effect of speed of agitation

to other catalysts (Table 1). Only 2% Rh/C showed

100% conversion and 100% yield of tlés-isomer The speed of agitation was varied from 600 to
of the product. 5% Pd/C offered a maximum of 52% 1000rpm (Fig. 1). There was no significant change
cis-selectivity. Raney nickel and supported nickel in the overall conversion when the agitation speed
catalysts gave only 27%is-selectivity. All further was varied from 600 to 800 rpm, indicating that mass
experiments were conducted with 2% Rh/C as the transfer limitation was absent for the diffusion of

catalyst. The reaction scheme is shown below. hydrogen from the gas-liquid interface to the bulk
liquid and subsequently to the external surface of the
OH OH catalyst. When the speed was further increased to
1000 rpm, again there was no significant change in the
Ho | overall conversion. Thus, it was ensured that external

mass transfer effects did not influence the reaction.
All further reactions were carried out at 800 rpm.

HSC_CI:_CHS Hac—(ID—CHg
CHs CHg
4-tert-butyl phenol 4-tert-butyl cyclohexanol 3.3. Effect of CatalySt |0ading

In order to determine the role of external mass trans-  In the absence of external mass transfer resistance
fer, the effect of speed of agitation was studied. Since and internal diffusion limitation, the rate of reaction is
the selectivity to the desired product was 100% at all directly proportional to catalyst loading. The catalyst
conversions, these conversions are also the yields ofloading was varied over a range 0.002—0.008 §/cm
the product based on initial amount of PTBP. on the basis of total volume of the reaction mixture.
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Fig. 2. Effect of catalyst loading on conversion of PTBP.
PTBP: 4x 10~ gmol/cn?; MSA: 2x 10> gmol/cn?; temperature:
80°C; hydrogenation pressure: 0.5MPa; solveiso-propanol;
time: 60 min; speed of agitation: 800 rpr®) 0.002 g/crd; ()
0.004 g/cm; (A) 0.006 g/cm; (x) 0.008 g/crA.

Fig. 3. Effect of concentration of MSA on conversion of
PTBP. PTBP: 4x 10~* gmol/cn®; catalyst loading: 0.004 g/cin
temperature: 80C; hydrogenation pressure: 0.5MPa; solvent:
iso-propanol; time: 60 min; speed of agitation: 800 rp4) (With-
out MSA; () 1.04x 10-5 gmol/cn?; (A) 2.08x 10-° gmol/cn;
(x) 4.16 x 10~3 gmol/cn®; (O) 6.25 x 10~ gmol/cr?.

Fig. 2 shows the effect of catalyst loading on the con-
version of PTBP. The conversion increases with in-
creasing catalyst loading, which is obviously due to
the proportional increase in the number of active sites.
The reaction was too violent to control if the amount of
catalyst was very large. All further experiments were
carried out at 0.004 g/chof catalyst loading.

It was observed that the reaction rates were very
high when no MSA was added in the reaction. With
the addition of small amount of MSA reaction rates
were slowed down. It means MSA is either selectively
poisoning the catalyst surface or provide a new site
environment for the formation afisPTBCH.

3.4. Effect of concentration

of methanesulphonic acid 3.5. Effect of partial pressure of hydrogen

As stated earlier, a catalytic amount of methanesul- 1 he effect of partial pressure of hydrogen was stud-

phonic acid was added as a co-catalyst in the reaction€d 0N the conversion of PTBP in the range 0.2-3 MPa
to increase theis-selectivity of the product. When no (Fig. 4). With anincrease in hydrogen pressure, the hy-

MSA was added, 100% conversion of PTBP could be drogenation rate was found to increase markedly from
achieved in 40 min but with only 80% selectivity to- 0-2 t©© 1.0MPa but thereafter from 1.0 to 3.0 MPa the
wards thecis-isomer of PTBCH. When small quantity increase was moderate. All fL_lrther reactions were car-
of MSA was added, selectivity towards this-isomer ried out at the hydrogen partial pressure of 0.5 MPa.
of PTBCH improves to 100% with 100% conversion

of PTBP. The effect of concentration of MSA was 3.6. Effect of initial concentration of PTBP

studied at different concentrations fron04 x 10°

to 6.25x 10~° gmol/cn? under otherwise similar con- The effect of concentration of PTBP was studied
ditions (Fig. 3). Marginal increase in conversion of at different initial concentrations from.@7 x 10~%
PTBP was observed with increase in concentration of to 6.67 x 10~*gmol/cn? at a catalyst loading of
MSA. All further experiments were conducted with 0.004g/cri under otherwise similar conditions
2.08 x 10~° gmol/cn? of MSA. (Fig. 5). The conversion was found to decrease
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Fig. 4. Effect of partial pressure of hydrogen on conver-
sion of PTBP. PTBP: 4x 10~*gmol/cn?; catalyst loading:
0.004 g/cm; MSA: 2 x 10~° gmol/cn?; temperature: 80C; sol-
vent: iso-propanol; time: 60 min; speed of agitation: 800 rpi)(
0.2MPa; (J) 0.5MPa; (\) 1.0MPa; &) 1.5MPa; O) 2.0 MPa;
(@) 2.5MPa; ¢+) 3.0 MPa.
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Fig. 5. Effect of initial concentration of PTBP. Catalyst load-
ing: 0.004 g/cm; MSA: 2 x 10~° gmol/cn?; hydrogenation pres-
sure: 0.5MPa; temperature: 80; solvent: iso-propanol; time:
60 min; speed of agitation: 800 rpm®§ 6.67 x 10~4 gmol/cn?;
() 4.0 x 10*gmolicn?; (A) 2.0 x 10*gmolicn?; (x)
0.667 x 10~*gmol/cn?.
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Fig. 6. Effect of initial concentrations of PTBP on rate of reaction.

due to higher quantity of PTBP present. The plot
of initial rate against concentration was found to
show the rate being independent of concentration
(Fig. 6) and also the conversions are linear in time
(Fig. 5) showing zero-order in the concentration
of PTBP.
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Fig. 7. Effect of temperature on conversion of PTBP.
PTBP: 4x 10~ gmol/cn?; catalyst loading: 0.004 g/cin MSA:

2 x 10~5gmol/cn®; hydrogenation pressure: 0.5MPa; solvent:
iso-propanol; time: 60 min; speed of agitation: 800 rpd) 50°C;
() 60°C; (A) 70°C; (x) 80°C; (O) 90°C; (@) 100°C.
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3.7. Effect of temperature

The effect of temperature on conversion under oth-
erwise similar conditions was studied in the range
50-100°C (Fig. 7). The conversion was found to in-
crease substantially with increase in temperature.

4. Kinetics of the reaction

The addition of MSA on 2% Rh/C changes the
cistransratio and in fact, as the MSA concentration is
increased, thérans content goes on reducing and fi-
nally only cis-isomer is found. Thus, the role of MSA
is to alter the activity of the sites particularly for the
adsorption of PTBP. There should be two different
types of sites $and $ on the catalyst surface; one
the sites covered by MSA and other the metal sites.

4.1. Adsorption of MSA on; Site

Kmsa
MSA+ S = S_{ ()
Cg
Kmsa = ——— 2
MSA = G Ca, 2

The site balance gives
Cy =Cs +Cs; ®3)

whereCy, is the total $ site concentrationCs, the
vacant 3 site concentrationcsi the MSA occupied

site concentration.
Cy, = Cs, + KmsaCmsaCs,
= Cs, (1 + KmsaCwmsa) (4)
or
Cy
Cs, - (5)

" (14 KmsaCwmsa)
Thus, the concentration of sites covered with MSA is

Ct
: (6)
(1+ KmsaCwmsa)

€4 =Cy—Cs =Cy —

Ct; (KmsaCwmsa)
1+ KmsaCwmsa

when KysaCmsa > 1,
Cgi = Cy,, all S; sites are occupied by MSA.

C§ = @)

4.2. Dissociative adsorption of hydrogen
molecule on Ssite

Kns
Hy)+2S=22HS (8)
C2
Khs, = — 2 )
pH2C32
Chs, = (Knspry)Y2Cs, (10)

If the total sites aret,, then
Ct, =Cs, +Chs, =Cs, + CSZ(KHSsz)l/Z (11)
Thus,

Cy,

Cgyg = ——-—— 12

% 1+ (Kn,pH,)Y? (12)
Ct,(K 172

CHSQ_ tz( H2PH2) (13)

B 1+ (KHszz)l/z

4.3. Adsorption of PTBP (A) on modified sit&)
for the formation of cis-isomer

K g
ASl

A+S; = AS (14)

4.4. Adsorption of PTBP (A) on Site for the
formation of trans-isomer

Kas,
A+S 2 AS; (15)
CS’:[ = Csi,U + CAS’{ (16)

Cs: =Csi—y + KpsiCaCsi—y

= Cs;—»(1+ Kas;Ca) 17
c Csi i 18
,=——2  (cCis
S (1+ Kas:Ca) (@9 (18)
Cs,
Cs_y=—————— (trans 19
S S T Kascn (19)
Cas; = Kas;:CaCs—y (20)
Cs: Kps:Ca
Cas; —— (21)

(14 Kas:Ca)
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Cty Kas; CaKmsaCusa

Crcr — 22
A% (14 Kas;Ca)(1+ KmsaCwusa) (22)
Similarly,
Cs, Kas, Ca

Casy = —————— 23

' (14 Kas,Ca) (3)

Ct,Kas,CaK C

Chs, = t; Kas; CA KmsaCwmsa 24)

(1+ Kas,Ca)(1+ KmsaCwusa)

If all the sites are occupied by MSACas, = 0 and
there will be notransisomer.
If KAS’{CA > 1, then

_ CyKnsaCuisa
(1+ KmsaCwmsa)

and it becomes independent ©f .

When H, PTBP and MSA are present together, the
following situation is envisaged.

For complete selectivity tais-isomer, all 3 sites
are covered with MSA. It should also be assumed that
PTBP adsorbs on the sites where MSA is adsorbed.
Thus,

(25)

Chas:

Kast
A+S @ AS], Cs =Cs—y+Cas;,
Csi = Kas:CaCas: + Casy = Casi(1+ Kas:Ca)
(26)
CS’{
Cas; (27)

~ (1+ Kas:Ca)

Thus, the net rate of hydrogenation is given by
Kps:Ca

4 =
e < ) <1+KAs;CA)
kiransCi
x( >+< transCt,

1 KMSACMSA
% ( Ctg(linsz

kcisCty KmsaCmsa
14+ KmsaCwmsa

Cto(KH, PHp) ™

1+ (KHszz)l/z >
)1/2

) (T Ram) @

In the above equation, the first term accounts for the
formation ofcis-isomer and the second for the forma-
tion of thetransisomer.

The inspection of data (Figs. 5 and 6) shows that the
initial rates of hydrogenation are independenCafas
well as the conversions are linear in time suggesting a

Kas,Ca
1+ Kas,Ca
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zero-order dependence of concentration of PTBP, i.e.
Kas;Ca > 1. Thus,

o= (
) )

i
(29)

The following plots could be made to test the above
theory.

Cty(Kn, pHy) Y2
1+ (Kn,pH,) /2

Cty(Kn, pHy) Y2
1+ (Kn,pH,) /2

kcisCt; KmsaCwmsa
14+ KmsaCwmsa

ktransCt,
14 KmsaCwmsa

1) For a fixed hydrogen partial pressure when no
transisomer is present.
)

o=

kcisCt; KmsaCwmsa
14 KmsaCwmsa

Ci (K 1/2
k = constant= (tz(Hz—sz)lz> (30)
1+ (Knyprp)Y
For initial rates,
1 1 1
- = < + > (31)
THai k1Cyy KmsaCmsa — k1Cyy

But Cy, o« w, the solid loading, and can be replaced
without loss of generality by.

(Fmncom * 1)
kiKmsaCwmsa k1

A plot of w/rh,i vS. 1Cusa was made to find that
the above equation is valid (Fig. 8). From the slope
and intercept, botlk; and Kysa were calculated
as 30.5gmol gk st and 0.505 mol cm?, respec-
tively. This is the case for complete selectivity to
cis-isomer.

2) For a fixed concentration of MSA, when no
transisomer is present.

THyi = k' (

w

IHa

(32)

keisCt, (K pH,) Y2
1+ (Knyph,)Y/?

Ci, K C
k' = constant= <M> (33)
14+ KmsaCwmsa
But Ct, o« w, the solid loading
w 1 1
— = += (34)
IHai |:k2(KH2PH2)1/2 kz}
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Thus, again a plot ofv/rn,i vs. 1/ pp> was made
to get the slope as/k2K}> and intercept as kg

(Fig. 9). The values ofk; and Ky, were calcu-
lated as B1 x 10~*gmolgis ! and 54.5 MPal,

respectively.

This suggests that the theory is valid for the forma-
tion of cis-isomer.

5. Conclusions

The kinetics of liquid-phase hydrogenation of
4-tert-butylphenol over metal catalysts was investi-
gated and a kinetic model is built. In the hydrogena-
tion of 4-ert-butylphenol with Rh/C onlycis- and
trans-4-tert-butylcyclohexanol were produced and
the production of corresponding cyclohexanone was
not observed. Among the variety of catalysts used
2% Rh/C exhibited 100% conversion of PTBP and
100% selectivity of thecis-isomer of PTBCH when
methanesulphonic acid was used as the co-catalyst.
The reaction was 100% selective towards the prod-
uct. The effects of various parameters on the rates of
reaction were studied systematically, and the reaction
was found to be kinetically controlled. The formation
of cisisomer was explained theoretically.
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