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Abstract

The hydrogenation of thymol and the racemisatioa ofenthol mixture were investigated as part
of the development of novel process for the pradaadfl-menthol. The key innovation in this
menthol process is the enzymatic resolutioh-aienthol from 8 menthol isomers mixture. The
productivity of the enzyme (masslementylacetate produced/mass enzyme) is a keyrnpeafce
measurement of this process. The demonstratidmeafequired enzyme productivity was therefore
a key objective of the process piloting. The eft#fgbossible side products and impurities on the
process also needed to be tested and thereforeyiles of piloting were performed using
approximately 500 kg of feed into resolution inlkeagcle. The required quantities of the menthol

mixture were obtained in pilot plant trickle becceor.
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Both hydrogenation and racemisation were devel@gdohtch processes at laboratory scale and
tested at bench scale in a continuous trickle-badtor system and scaledtopa pilot scaldrickle-

bed reactor. A bench scale trickle-bed reactordessgned, constructed and extensively used in the
optimisation of the hydrogenation of thymol to naxwe menthol. The process was successfully
operated for more than 660 hours in a bench seatgar and subsequently scaled-up to a pilot
scale trickle-bed reactor. The pilot scale expenimevere used to verify scale-up and generate
material for resolution and downstream procesddugh the bench and pilot scale reactors were
operated as adiabatic systems and the operatiofowas to be safe and reliable. Safety problems
leading to formation of undesirable hot spots weqeerienced as consequence of insufficient
catalyst wetting, high thymol concentration in feed (above 40% wt.) and because of equipment,

operation and power failure.
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Introduction

Menthol is one of the most important terpenoidsteAvanillin, it is the most widely used aroma
chemical worldwide. It finds use in the cosmefleyour and fragrance, pharmaceutical, tobacco

and oral hygiene industries, and it is the chiefstibuent of the essential oil of peppermint.

A commercial synthetic menthol process (Figuretaits with thymol hydrogenation. The
d/I -menthol is resolved enzymatically alnthenthol depleted menthol mixture after distillatio

from |-menthylacetate is equilibrated in a racemisattep.s



Figurel

Hydrogenation of the aromatic ring in alkylated pbls results in stereoisomers of alkylated

cyclohexanol. The hydrogenation represents a systgrarallel-consecutive reactions for which
selectivity strongly depends on catalyst used,ti@aconditions (especially pH and solvent) and
the reactant structure. In the case of thymol hyeination the intermediate is the corresponding

alkylated cyclohexanone. The process is known @sdribed in open literature for example

Several alumina supported nickel catalyst weretest-house in laboratory conditions. The
powder catalyst (28% of Ni/ADs) identified as most suitable for this reactionuges complete
thymol conversion and concentrationddif -menthol more than 55% in product after 3 hours at

temperatures above 1%Dand pressures above 0.9MPa.

L-menthol can be selectively resolved from the racenenthol mixture askmenthylacetate and
separated by means of a relatively easy distiltafithe unreacted menthol mixture after resolution
and distillation is recycled to the thymol hydrog&aon reactowia a racemisation step to equilibrate

thed/l -menthol content.

Thymol hydrogenation and menthol racemisation @aexecuted in the presence of the same
catalyst in the same type of reactor at similarteratures. While hydrogenation of the aromatic
ring requires elevated pressure, the racemisat@ar(angement) requires significantly lower

hydrogen pressure.



The reaction kinetics of the thymol (98%wt.) hydeogtion (hydrogen 99.99%) was studied using a
high-pressure autoclave at 150 — A8@nd 0.85 — 1.6MPa using 5kg of thymol and 16% g o
powdered (10 micrometers) Nickel catalyst (28% MNiB%). The reaction was found to be first

order with respect to hydrogen and zero order vatard to thymol. From experiments at different

temperatures, the activation energy of thymol hgdrmtion was estimated as 18.3 kJ/fhol

Unlike the exothermic thymol hydrogenation, theaeragsation reaction is thermodynamically
neutral and proceeds at lower pressures. The pilitpath more exothermic side reactions,

including methanation, increases during the racatiois process.

Trickle-bed reactor system

A trickle-bed reactor system for hydrogenation eamkmisation was developed and scaled up using
extensive literature informatidfi*’, personal experience and experimental'ata

The reactor (Figure 2) was designed in-house. Bhnanpeters of bench scale and pilot scale
reactors are presented in Table 1. The pre-heatebattom sections were equipped with
independent heating elements and control systehescatalytic bed has three independent heating
elements with independent reactor wall temperatargrol. The reactor was equipped with
thermowell with 8 thermocouples positioned in thaator axis to allow the measurement of the
temperature profile in the catalyst bed. The ggsidi outlet mixture was cooled in a coil heat
exchanger and the gas was separated from liquiseghaa high-pressure gas-liquid separator and

vented. The process conditions are presented ile Bab

Figure2



Tablel

Table?2

Thymol hydrogenation

The hydrogenation of thymol to a racemic mentholtare requires complete thymol conversion
andd/I -menthol content in the product mixture of morartb5% wt. Thymol hydrogenation is
performed at elevated pressures (1.5MPa) and tepes of 150 to 20C. Thymol/racemic

menthol mixture was used as a feed into the tribkla reactor.

The process in an adiabatic trickle-bed reactaffescted mainly by gas/liquid flow rate, inlet

thymol concentration in feed and pre-heater tempegaThe axial temperature profile in adiabatic
trickle bed reactor is determined by catalyst atgtithymol conversion (exothermic process) and
also product distribution. The temperature profikes affected mostly by inlet temperature, liquid
flow rate and thymol concentration. In terms ofadyt activity a uniform axial temperature profile
is ideal for the process. The effect of the ligilidv rate on the axial temperature profile in the
bench scale trickle-bed reactor is presentdelgnre 3 Temperature profiles indicated that the
bench scale trickle-bed reactor could be effectioplerated at liquid flow rates up to 1.8 kg/h
(Liquid Hour Space Velocity (LHSV) ~ 2.4 kg/(kg.hReactor temperatures at flow rates above 2.5
kg/h are too low, leading to low catalyst activitythe upper section of the reactor. The effect of
thymol concentration on the temperature profile giaslar. The inlet temperature to catalyst bed at
thymol concentrations above 25%was maintained below 100 to maintain hot spot temperature

below 200C™. Experimental investigation of the effect of thyraoncentration has proven that



reasonable temperature profiles were achieved/atdhconcentrations in racemic menthol up to

20% wit.

Figure 3

Based on both experimental results from bench sealetor and calculation of hydrodynamic
characteristic% the pilot plant reactor was designed in-housecamstructed (Figure 2). The
estimated safe thymol concentration in the feed 1086wt. Piloting started with 10% wt. of
thymol in the feed and relatively low inlet tempera (126C). The feed concentration was
increased to 13% wt. of thymol and no significaiffedence in axial temperature profiles was

observed at steady state conditions.

Bench scale experimental results indicated dflainenthol content in product is strongly affected
by temperature in the lower section of catalyst'bekhis was confirmed in the pilot scale reactor
(Figure 4). Since the reactor is operated as ati@lokfferent temperature profiles were obtainéd a
different thymol concentrations at the same irdetperature and flow rates. Trends in temperatures
in the bottom section of catalyst bed (T1 (1800 ramgd T2 (1450 mm)) and/l -menthol
concentration in the product clearly demonstralted the lower the temperature in the bottom
section of the reactor the higher thie-menthol concentration. One can conclude, that the
commercial reactor should be divided into two sewifor better temperature control: the first one
for exothermic hydrogenation mainly should opeeste@diabatic in temperature interval from 160

to 180C; and the second one with termostating jacketrfenthols isomerisation should operate at

approximately 15C.



Figure4
The axial temperature profiles. dimensionless catalyst bed length observed ibémeh and pilot
scale reactor are presented in Figur&tie comparisonf experimental results of thymol

hydrogenation in the pilot scale reactor indicatet the process could be safely scaled up.

Figure5

M enthol racemisation

L-Menthol (EE=96%) was used for the racemisationysing 300 m slurry reactor at 20C and
0.6 MPa. It was found that after 3 holsmenthol was racemised to ~50:50-ohenthol tod-
menthol mixture over the same nickel catalyst (1€ wsed in the hydrogenation of thymol. The

process was reproducible and less than 1% wt. aotfhmee was formed.

The synthetic mixture of liquid menthol preparedtbymol hydrogenation enriched with 10% wt.
I-menthol was racemised in a trickle-bed reactaelifinary experiments in the slurry system
showed that a high temperature and low pressugegisred to achieve optimum racemic mixture

composition -menthol tod-menthol ratio ideally equal to 1).

The results of racemisation obtained in the bewakedrickle-bed reactor using the synthetic liquid
menthol mixture indicated that the process wasli&&asThe 8 menthol isomers mixture (from
thymol hydrogenation) enriched bynenthol to 73.6 % wt. al/l-menthol was successfully

racemised. The content @i —-menthols in the post — racemisition mixture reacthe steady state



after ~2 hours and was constant and above 55 %tyiressures below 0.5MPa and an average

temperature of ~168C and liquid flow rate 1 kg/h, for the rest of tlest (Figure 6).

Figure6

The effect of total pressure dfi -menthol ratio during racemisation in the benchestatkle-bed
reactor (liquid flow rate 1 kg/h and average terapge 166C) is presented in Figure 7. These
results show that at an average reactor temperalld@C lower pressure had a positive effect on
racemisation. Data also indicated thatdfiementhol ratio in the feed could be changed, ia taise
from 43.2: 56.8 to 47.9:52.1 at total pressureMdZa or to 48.2:51.8 at total pressure 0.35 MPa.
This indicated that the equilibrium composition deged on the total pressure. The lower the total
pressure the better tidd -menthol ratio. However, at low pressure the pssagas more sensitive

to temperature, particularly in the bench scatklerbed reactor where liquid maldistribution, the
local ratio of catalyst to reactant was high arsb ahternal diffusion effect on process selectivity

could play a significant role.

Figure7

The racemisation process was scaled up to a pi#be seactor. The distillate from menthylacetate
distillation (Figure 1) - the “real” feed was usadhe pilot scale racemisation. The feed contained
53.2 % wt. ofd/| menthol and-menthol tod-menthol ratio was less than 1 due to depletidn of
menthol in resolution step. The main feed and probdtream characteristics are presented in Table
3. Experimental data indicated that the productmasition remained constant with time on stream

and that the required ratio leinenthol andl- menthol (cca 1) can be achieved. The data also



indicated that a significant proportion of menth®aad side products were formed during the
process as a result of partial dehydrogenationesfthol and skeletal re-arrangement of the
molecules. The level of menthones and side prodsicistermined mainly by pressure - the lower
the pressure the higher the content of side pred&mce the side products did not convert to
menthol during hydrogenation they represent addssenthols in the racemisation step. This fact
was also proven experimentally during racemisadiomenthol in presence of heptane as solvent
(~30% wt.). Vapour pressure of heptane at the dataépressure decreased the hydrogen partial
pressure at the temperature used and more sidagtsodere found in the product stream (up to
8%wt.).

Table3

Experimental results have proven that the racerisat a trickle-bed reactor is feasible, however
more sensitive to experimental conditions than sfuary system where the ratio reactant/catalyst is
significantly higher and possible effect of intdrddfusion is limited due to small catalyst pak&c

size.

Peculiarity-of thetrickle-bed system and its safe oper ation

Safe operation of trickle-bed reactors generallyetels on various parameters like system
thermodynamics (heat capacity, heat of reacti@action rate and order, hydrodynamic conditions
(catalyst wetting, superficial velocity), contrdlinlet parameters (liquid/gas flow rate and feed
concentration), mass and heat transfer, etc.,.ge¥'é>2’ The optimization of the reactor control

parameters brings the possibilities to improve lbéthroughput and the safety of the reactor



performance mainly for exothermic reactions. Patamsensitivity is different for hydrogenation
(exothermic reaction) and racemisation (isothemmattion) in a trickle-bed reactor. The effect of

several parameters was investigated with regasdfe operation of the reactor.

Thymol Hydrogenation

The preliminary mass balance of the entirementhol process has shown that thymol
hydrogenation will proceed with thymol-menthols tabe containing up to approximately 27% wit.
of thymol. Thymol hydrogenation, as mentioned abavéighly exothermic and a distinctive
exotherm was expected in the reactor during thega® The reactor productivity and hot spot on

temperature profile depend on liquid flow rate niof concentration and process control.

Liquid flow rate

A low liquid flow rate (0.59kg/h) was employed dugicommissioning of the bench scale system.
The development of temperature profile in the gatdbed during the start-up using 13 % wit.
thymol feed is presented in Figure 8. Experimergallts indicated a moving ‘hot zone’ in the
reactor during the first 15 hours. This may beratication that at low liquid flow rate, the catalys
bed is probably insufficiently wetted and liquid laiatribution and/or ‘liquid channelling’

(rivulets) appears in the bed. A distinctive exoth@bserved after 7 hours disappeared after 12
hours. Maximum temperature (almost 35pwas found at a position 400 mm from top of gesal
bed. Later, the maximum shifted towards the redmbttom and the maximum temperature dropped

down to approximately 22CQ. Temperatures above 2@0resulted in partial decomposition of

10



menthols and side products (including water) apgekar the reactor outlet. After 13 hrs a steady
state temperature profile was reached. The maxiteomperature at liquid flow rate 0.59 kg/h was
observed at the top of the bed and gradually drdppeng the reactor be@ne can conclude that

the trickle bed reactor for thymol hydrogenatioowd not be operated at LHSV below 1.

Figure8

Thymol concentration

Investigation of the effect of thymol concentratimm axial temperature profile inside bench scale
trickle bed reactor has shown that a steady stat@erature profile can be achieved at thymol
concentration up to 35 % wt. The feed inlet tempeeaat 35 % wt. was low (less than 30Qo
maintain the hot spot temperature below’2)Qesulting in low reaction rate in the upper pdrt

the catalyst bed but the temperature profile waislst However, at higher thymol concentrations
(40% wt.) temperature oscillations were observeguie 9) and maximum temperature exceeded
220PC. The potential for side reactions increases dtiaally at temperatures above 200

Increased extend of side reactions results in gréags of menthol and the exothermic nature of the

side reactions also requires more complex safepsuores.

Figure9

Operation and equipment failure
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During bench scale hydrogenation at standard dongdi{20% wt. thymol and ~1 kg/h of feed,
pressure 1.5MPa), due to an operational errottetimperature in the top section of the reactor
increased above the required value (>200°C). Avezature runaway was observed as a
consequence of overheating of the preheating seclibe temperature runaway occurred at the top
of catalyst bed (the first 100mm). Both the ligtedd and hydrogen were stopped and hydrogen
was replaced by nitrogen. These measures limiedeimperature runaway to the first portion of
the catalyst bed. The maximum temperature inzbaé reached 420°C for approximately 5
minutes. The system was cooled down to tempeatuedl below 200°C, nitrogen was replaced by
hydrogen and the feed pump was restarted. Thegsosas stabilised and the reactor bed
temperature profile was measured and comparedtiatriginal one obtained at the same
experimental conditions. Comparison of experimetaiadperature profiles indicated that the
catalytic activity of the catalyst had droppedhe first 100mm of catalyst bed during the

temperature runaway by approximately 28%

Menthol Racemisation

The racemisation of menthol mixture is a reactiaheut any net thermal effects and it could
easily proceed at isothermal conditions (<1H0and low hydrogen pressure. However, the
probability of exothermic side reactions increaséh higher temperature and lower hydrogen

pressure.

During the racemisation piloting the power failedyusing reactor heating and the feed pump to
stop. Due to the high heat capacity of inert soiaterial in the pre-heater and catalyst and without

liquid flow to remove heat, the reactor contergyid holdup) overheated and the temperature of

12



the liquid in the reactor increased. The liquidtamtact with the catalyst (in catalyst pores andl be
voidage) at relatively low pressure of hydrogeB§IPa) was locally overheated (above Z00and
exothermic decomposition of the menthol could sRattial formation of low boiling components
like methane, ethane, etc. and water (productsedhamation) increased total pressure in the reactor
and the hydrogen flow stopped. Increased local ézaipre resulted in a further increase of
menthol partial pressure antenthol decomposition was extended. The menthduréxheld in the
catalytic bed (pores of the catalyst were fullla tiquid menthol in intimate contact with the
catalyst surface) was gradually involved in theesiglactions and a moving hot spot was observed.
The maximum observed temperature was abovéGiaad it lasted only for approximately 5
minutes. As soon as the hot spot in the first partf the catalyst occurred, nitrogen was
introduced in the reactor and it took approximat€lyminutes to cool down the catalyst in the

reactor below 20tT.

Subsequent thymol hydrogenation test at standattbbgenation conditions indicated significant
deactivation of the catalyst had occurred (Figude The maximum on temperature profile was
observed in the lower part of the catalyst bed wiaatindicated significant catalyst deactivation in
the upper section of the reactor. The activityhef tatalyst was not recovered after repeated
regeneration under hydrogen flow, indicating thet deactivation was irreversible and the physical

properties of the catalyst were changed due thitifetemperature shock.

Figure 10

Analysis of the temperature runaway indicated #fistough the racemisation itself was not

hazardous, possible highly exothermic side reastomuld lead to potentially dangerous situation

13



particularly at the low hydrogen pressure usethénsystem. Since equipment failure is possible it
is necessary to avoid conditions in the system wiaaardous situations could occur. In the case of
racemisation it means that the temperatures irsaagion of the system should not exceed’C90

and the total pressures should be maintained al@Pa in the system. This information is
critical for process control.

Conclusion

The experimental investigation of thymol hydrogémausing a bench scale trickle-bed reactor
showed that complete thymol conversion and requitedthols isomerisation (55 %va/l -

menthol) could be achieved at the following comuhisi: thymol concentration below 15 % wt. in the
feed, temperature interval from 150 to 9@ptotal pressure of 1.5MPa and liquid flow rateipfto
1.5 kg/h (Liquid Hour Space Velocity (LHSV)~ 2 kigé.h)). Experimentally it was also proven
that the hydrogen flow rate (10 — 30 g/h in benzdlesreactor) had a minor effect on the process
performance and that the process was controlldddyeaction thermodynamics. Low levels of
reaction side products (methane 800 - 1100 ppranetd — 11 ppm, propane 9 —11 ppm) in the
outlet gas indicated a limited extent of side reast at the experimental conditions. The results of
thymol hydrogenation piloting have proven that psioale trickle bed reactor can operate as
adiabatic. However, a commercial reactor consistingvo separate sections with heat removal for

better temperature control is recommended.

Safe and successful hydrogenation (required coioveasd selectivity) is affected by the following

process parameters: Too low liquid flow rate cadspdd channelling (insufficient utilisation of

catalyst); too high liquid flow rate results in amuniform temperature profile with low reaction

14



conversion at low temperatures. Thymol feed comaéionh is limited by maximum safe hot spot

temperature (undesirable temperature oscillati@umwed at concentrations above 35% wt.).

Results of the racemisation in a trickle-bed reastmwed that the process was feasible using the
same nickel catalyst as that used for thymol hyeilnagjon. However, experimental conditions
differed from those used in a slurry reactor. Relw®nded average temperature at 1 hour residence
time is 160C. The maximum temperature should not exceedQ 9@ any section of the system)

and the minimum total pressure in the system shioalldbove 0.3MPa. The racemisation is a
thermodynamically neutral reaction (no net theraftdct). However, side reactions

(decomposition) are highly exothermic and initiatédemperatures above 2@0 This fact must be

taken into account in the process scale up.

The trickle-bed reactor is more sensitive to preqesameters than the slurry reactor because of a
different reactant/catalyst ratio. The system isersensitive at lower pressures and higher
temperatures, conditions favourable for the sidetiens, especially to methanization reaction. Hot
spots and even temperature runaway can occur dlietoation of inlet parameters and/or failure
of equipment (dosing pump or control system). lasesl temperature results in not only a loss of

product but it can irreversibly deactivate the lyesta

From the authors’ point of view, both the thymotlhygenation and menthol racemisation represent
feasible technology steps for industrial applicatidhe scale-up of trickle bed reactor has been
confirmed in bench and pilot scales. The importemling of the study is that undesirable hot spot
formation in the catalyst bed during hydrogenatiad/or racemisation accompanied by serious

temperature excursions and followed by partiallgataleactivation requires strict definition of

15



operating conditions. A good strategy for the lps/ention and/or of hot zone formation in the
catalyst bed consists both in the stability of irdenditions (inlet stream temperature, higher
operation pressure) and in control of the adialiatigperature rise by thymol concentration.
Moreover, minimisation of liquid maldistribution gatalyst bed and improving its wetting

efficiency by e.g. dense catalyst packing or byitifeed rate optimisation and/or periodic

modulation™?>?"are important challenges for safe operation imgnoent and better process
control.

References

1. Allakhverdiev A.l., Kulkova N.V., Murzin D.Y.: iguid-phase stereoselective thymol

hydrogenation over supported nickel-catalysts, IChtters29 (1994)57-67.

2. Allakhverdiev A.l., Kulkova N.V., Murzin D.Y.: Ketics of thymol hydrogenation over a
Ni-Cr,05 catalyst, Ind. Eng. Chem. ReXL (1995) 1539-1547 arigb (1996) 989-989.

3. Konuspaev S.R., Zhanbekov K.N., Bizhanov Zragrkulov T.S., Nurbaeva R.K.:
Stereoselective hydrogenation of alkylphenols. yirndgenation of thymol on nickel-
containing catalysts, Kinet. Cat&b (1994) 824-829.

4. Besson M., Bullivant L., Nicolaus-de Champ Nall€ézot P.: Stereoselective thymol
hydrogenation.. 1. Kinetics of thymol hydrogenat@ncharcoal-supported platinum
catalysts, J. Catal40 (1993) 30-40.

5. Allakhverdiev A.l., Kulkova N.V., Murzin D.Y.: Ketics of liquid-phase thymol
hydrogenation over palladium, rhodium and iridiuatatysts, Kinet.CataB4 (1993) 934-
938.

6. Kukula P., Cerveny L.: The kinetics of stereestVe hydrogenation of menthone and

isomenthone mixture using nickel catalysts, Ap@tal — General A193 (2000) 285-290.

16



10.

11.

12.

13.

14.

15.

16.

17.

Kukula P., Cerveny L.: Stereoselective hydrogienaof menthone and isomenthone
mixture using nickel catalysts, Res. Chem. Interiated6 (2000). 913-922.

Tobicik J., Cerveny L.; Hydrogenation of allsgbstituted phenols over nickel and
palladium catalysts, Journal of Molecular Catalysi€hemical, 194 (2003) 249-254
Pawelec B., Castafio P., Arandes J.M., Bilbabhbmas S., Peila M.A.. Fierro J.L.G.;
Factors influencing the thioresistance of nickeabets in aromatics hydrogenation
Applied Catalysis A: General, 317 (2007) 20-33

Dudas J., Hanika J., Lepuru J., BarkhuysenTlymol hydrogenation in bench scale
trickle-bed reactor, Chem, Biochem. Eng. Q. 19 B)@b5-262

Cheng Z.M., Anter A.M., Khalifa G.M., Hu J.®ai Y.C., Yuan W.K.: Ann innovative
reaction heat offset operation for a multiphasediked reactor dealing with volatile
compounds. Chem.Eng.S66 (2001, 6025-6030.

Larachi F., Grandjean B., lliuta I., Benséiti André A., Wild G., Chen M.: Trickle bed
simulator, Universite Laval Quebec (1999).

Tukac V., Simickova M., Chyba V., Lederer Joléha J., Hanika J., Jiricny V., Stanek V.,
Stavarek P.; The behavior of pilot trickle-bed teacinder periodic operation, Chem. Eng.
Sci., 62(2007) 4891-4895.

Satterfield, C.N.: Trickle-bed Reactors. A Revj AIChE J21 (1975) 209-228.

Shah, Y.T.: Gas-Liquid-Solid Reactor Design Gviaw-Hill, New York (1979).

Gianetto, A., Silveston P.L: Multiphase CherhiRaactors — Theory, Design and Scale Up,
Hemisphere Publishing Co., Washington, DC (1986).

Hanika, J., Stanek V.: Design and operatiamickle-bed reactors, in Handbook of Heat
and Mass Transfer, (N.P. Cheremisinoff Ed.), \2oIGulf Publ. Co., Houston, Texas,

(1986) 1029-1080.

17



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Hanika, J., St&k V.: Application of fixed-bed reactors to liquidi@se hydrogenation, in
Catalytic Hydrogenation (L. Cerveny Ed.), Stud.fS8ci. Catal., Vol27, Elsevier
Amsterdam, (1986) 547-577.

Hanika J., Lange R., Turek F.: Computer Ai@eatrol of Laboratory Trickle Bed Reactor,
Chem. Eng. Proces23 (1990) 23-27 .

Tuk&. V., Hanika J. : Influence of Catalyst Particlese@tation on the Pressure Drop and
the Liquid Dispersion in the Trickle Bed Reactoheth. Eng. Scid7 (1992) 2227-2232.
Dietz A., Julcour C., Wilhelm A. M. and. Delmids Selective hydrogenation in trickle-bed
reactor: experimental and modelling including @dnvetting, Catalysis Today, (2003) 293-
305.

Hickman D.A., Weidenbach M., Friedhoff D.P.cémparison of a batch recycle reactor
and an integral reactor with fines for scale-upmindustrial trickle bed reactor from
laboratory data, Chem. Eng. S&0, (2004) 5425-5430.

Hanika J., Lange R.: Dynamic Aspects of Adiabatickle Bed Reactor Control near the
Boiling Point of Reaction Mixture, Chem.Eng.Sgl. (1996) 3145-3150.

Hanika J.: Safe Operation and Control of TricklelBeeactor, Chem.Eng.Sé4, 4653-

4659 (1999).

Silveston P.L., Hanika J.: Chalenges for teeddic Operation of Trickle-Bed Catalytic
Reactors, Chem. Eng. S&7 (2002) 3373-3385.

Lange R., Schubert M., Dietrich W., Griinewald Mhsteady-state operation of trickle-bed
reactors, Chem. Eng. S&P (2004) 5355-5361.

Silveston P.L., Hanika J.: Periodic operatbthree-phase catalytic reactors (review),

Canad. J. Chem. Eng2 (2004) 1105-1142.

18



19



List of Tables

Table 1 Parameters of trickle bed reactors

Table 2 Process conditions in bench and piloestralkle bed reactors

Table 3 Typical feed and products characteri$ticseacemisation in pilot scale trickle bed reactor

at 0.5 MPa, temperature T%&Dand liquid flow rate 13 kg/h

List of Figures

Figure 1 Scheme dfmenthol preparation

Figure 2 Pilot scale trickle bed reactor and skefdine system
Ti-temperature in reactor axis, TWi — wall temparat
R — reactor, FC — frequency controller, HE — heabanger, PRV1,2 — pressure relief valves,
PR1 — pressure regulator

Figure 3 Effect of liquid flow rate on axial tentp&ure profile in bench scale trickle bed reactor
(13% wt. of thymol, P= 1.5MPa, inlet temperatuanir100 to 15%C)
Figure 4 Effect of temperature in bottom sectibnatalytic bed or/| menthol concentration in
the product (P=1.5 MPa, inlet temperature°@20iquid flow rate 12 kg/h)
Figure 5 Comparison of temperature profiles in Ibefiquid flow rate 1.2 kg/h) and pilot scale
reactor (liquid flow rate 10 kg/h) at 1.5MPa
Figure 6 Concentration of selected componentsmg on stream for racemisation in the bench
scale trickle-bed reactor (liquid flow rate 1kglls®C, 0.5 MPa)
Figure 7 Effect of pressure dfi menthols ratio during racemisation df mmenthol
(10% wt.) enriched menthol mixture in bench scatkle bed reactor (liquid flow rate

1kg/h, 166C, 0.5 MPa)

20



Figure 8 Temperature profile in bench scale reattioing initial stage of hydrogenation 13% wt.
thymol at liquid flow rate 0.59kg/h
Figure 9 Temperature profile development in besedle trickle bed reactor at 40 % wt. of thymol
in the feed (liquid flow rate 1kg/h, pressure 1.B&J
Figure 10 Experimental temperature profiles iofdcale trickle bed reactor during thymol
hydrogenation before and after temperature run giva$ wt. thymol, 1.5 MPa,

liquid flow rate 10 kg/h)

21



Tables:

Table1 Parametersof trickle bed reactors

Bench scale Pilot scale

Internal diameter [mm] 40 108
Maximum design pressure [MPa] 3.5 3.5
Maximum design temperature [°C] 450 450
Maximum flow rate [kg/h] 5 35
Preheating section length [mm] 300 750
Catalyst bed length [mm] 620 1800
Bottom section [mm] 50 200
Axial thermocouples positions 7 8

Table 2 Process conditionsin bench and pilot scaletrickle bed reactors

Bench scale Pilot scale

Liquid flow rate [kg/h] 1-4 10 -28
Liquid linear velocity [mm/s] 0.3-1 0.35-0.62
Gas flow rate [g/h] 10-30 80-250
Gas linear velocity [mm/s] 2.5 2.5
Temperature®C] 100-200 100-200
Pressure [MPa] 0.3-15 0.3-15
Ni Catalyst (trilobe, 1.2x4.8mm) [kg] 0.78 13.7
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Table3 Typical feed and products characteristicsfor racemisation in pilot scaletrickle bed

reactor at 0.5 MPa, temperature 160°C and liquid flow rate 13 kg/h

Feed Product
Menthol (% wt.) 53.20 43.0
| menthol/d-menthol ratiof, 0.71 0.97
Menthone (% wt.) 0.43 9.27
Iso-menthone (% wt.) 0.20 5.28
Side products (% wt.) 0.4 4.97
Thymol (% wt.) 0.00 0.48
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Figure 1 Scheme of I-menthol preparation
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Figure 2 Pilot scaletrickle bed reactor and sketch of the system
Ti-temperature in reactor axis, Twi — wall tempenat
R — reactor, FC — frequency controller, HE — heatleanger,
PRV1,2 — pressure relief valves, PR1 — pressurelator
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Figure 6 Concentration of selected componentsvs. time on stream for racemisation in the

bench scaletrickle-bed reactor (liquid flow rate 1kg/h, 160°C, 0.5 M Pa)
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Figure7 Effect of pressureon d/l mentholsratio during racemisation of al-menthol

(10% wt.) enriched menthol mixturein bench scaletrickle bed reactor

& d-menthol O I-menthol
65
I-menthol in the feed

e0 |

55 o (0]
> )
- 50 g
2 o $
o *
= 45 *
3

40 - d-menthol in the feed

35

30

0 0.5 1 1.5 2

pressure [MPa]



350

300

250 1

200 &

150 +

temperature[°C]

100

——0h ——3h —X—14h
50 o 7h —O —12h 4 20h

0 | | | |
0 100 200 300 400 500 600

reactor length [mm]

Figure 8 Temperature profile in bench scale reactor during initial stage of hydrogenation

13% wt. thymol at liquid flow rate 0.59kg/h
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Figure 9 Temperature profile development in bench scaletrickle bed reactor

at 40 % wit. of thymol in the feed (liquid flow rate 1kg/h)
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Figure 10 Experimental temperature profilesin pilot scaletrickle bed reactor during thymol
hydr ogenation before and after temperature run away (11% wt. thymol, 1.5

MPa, liquid flow rate 10 kg/h)
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