CHAPTER II
LITERATURE REVIEW

TS-1 catalyzed processes are advantageous from the environmental point of
view as the oxidant is aqueous H,0,, which turns into water, and the reactions,
operated in liquid phase under mild conditions, show very high selectivities and yields

reducing problems and cost of by-product treatment. TS-1 can catalyze a variety of

useful oxidation reactions and th e I ion of benzene by H,0, to phenol in the

presence of TS-1 is also well known. ches have been written about the

system to proceed un

This chapter di . " ed works: wo parts, i.e., (a) the TS-1
catalyst and the hydro er the TS-1, (b) the periodic
operation in various react made to summarise the present
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catalyst and the hydroxylatlon of benzene by H,0, over
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Kraushaar-Czarnetzkl and van Hooff (1989) reported that TS-1 could also be
obtained from [Al]ZSM-5 by dealumination and subsequent treatment with titanium
tetrachloride. ~ The obtained TS-1 exhibited the same catalytic properties as
hydrothermally synthesized TS-1 of high purity. Moreover, their experimental result
showed that the selectivity of their catalyst was strongly affected by the presence of

small amounts of non-framework titania.



Thangaraj et al. (1990) studied the hydroxylation of benzene with H,O, over
various zeolites. They found that benzene remained unreacted over silicalite-1, TiO,
(both amorphous and crystalline), and also in the absence of catalysts. The selectivity
for the conversion of H,0, to hydroxy benzenes decreased in the order TS-1>Fe-TS-
I>AI-TS-1>Fe-ZSM-5>A1-ZSM-5. The selectivity to phenol however, followed the
reverse order. An interesting feature was that while phenol was the only product over
pure acid zeolites (Fe-ZSM-5 and Al-ZSM-5), p-benzoquinone, the secondary product
was formed in appreciable quantities over titanium-containing zeolites (TS-1, Fe-TS-1
and Al-TS-1). The selectivity wyl one decreased in the order: TS-1>Fe-
TS-1>AIl-TS-1. The acid sﬂ% és gfollowed the reverse trend i.e., Al-
TS-1>Fe-TS-1>TS-1. @ of 1 en@ zeolites probably suppressed
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Martens er aly (1993) studied the
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was critical. An increge of calcina ature fr(iij 400 to 500 °C resulted in a

substantial increase in activity. Static calcination generated less active catalysts,

probably dueﬁ ﬂcﬁ)@e %% teoﬂﬂg 'qrﬂs‘jesidues. The higher

ortho/para rati@lin the hydroxylatgd products g)served on EE}{OTS-I that was
calcineﬂnﬁﬁ?ﬁcﬁﬂdﬁ ﬁﬂuﬁ %ﬂ@c%ﬂﬁ]qﬂﬁﬁtjtbe active sites
in the intgrior of the crystals were partially blocked. In the presence of small amounts
of solvent, a replacement of acetone by methanol resulted in an increase of the p-
selectivity of EUROTS-1.

Weitkamp et al. (1997) investigated samples of TS-1 which had different mole
ratio of Si/Ti. Samples prepared according to two different synthesis procedures
could differ significantly in their hydrophobic/hydrophilic surface properties as
revealed by the Modified Hydrophobicity Index. For Si/Ti ratio above ca. 40,



Modified Hydrophobicity Index decreased linearly with increasing titanium content
which had been attributed to the increased formation of polar Si-O-Ti bridges in the
zeolite framework. For TS-1 samples with higher titanium content, Modified
Hydrophobicity Index strongly depended on the method of preparation and was
considerably influenced by the formation of additional titanium-containing species in
extra-framework positions. From the results of the catalytic characterization in the
hydroxylation of phenol they could concluded that, in particular, TS-1 samples with

high titanium content were the more active, the lower their Modified Hydrophobicity

Index. \\\ ' ,///

Bengoa er al. (wd the i@TS-l structural properties and
operation conditions on be ‘ alytic oxidation with H,O,. They mentioned that
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product separation anﬂol\'fén

were enq_ijy intensive steps. Hence, it
was important to devego suitable methodology where the oxidation reactions

catalyzed by ﬁlu e @%H w@a WuElJ 6;] cﬂ1§ out in the absence of

organic solventS8! In 1999, Kumar &t al. tried to 1nvest1gate theq}lhancement in the
reactm«qﬁ m] tﬁ ﬂldﬂ(ﬁtm ﬂjr%ﬂfﬂ\%’[ﬁlﬁ a \E]ler solvent-free
triphase gonditions. ey reported that the reaction rates of the hydroxylation of
aromatics (such as benzene, toluene and anisole) were enhanced under triphase
conditions (solid-liquid-liquid) compared to that obtained under biphase conditions in
the presence of a co-solvent (solid-liquid). While in the presence of a co-solvent (like
acetone, acetonitrile or methanol) a long induction period was observed, in the
solvent-free conditions the induction period was almost absent. In the case of
substituted benzenes para-hydroxy product was predominantly obtained under the

triphase conditions. However, in the biphase condition the formation of ortho-isomer



was preferred. Probable factors responsible for an enhancement in the activity and a
change in regio-selectivity were suggested to be: Relative hydrophobic nature and
restricted pore dimensions of TS-1; Diffusive resistance faced by the substrate with an

organic co-solvent in biphase while such a resistance was minimized in triphase.

Li et al. (2001) reviewed the effect of titanium species in TS-1 prepared by
hydrothermal method on the catalytic activity. They reported that the form of
titanium atoms incorporate into the framework of TS-1 synthesized using

tetrapropylammonium bromide iffered from that using the classical

method. But the symmet i monoclinic to orthorhombic with
. . . J’ . - . .

the increase of titaniumweo m The Ti-O, originated from

framework titanium and a2d thel moderate stability and might be active site in

species with six-fold g« ation. The fitani peécies might correspond to 270-280
' . But, this kind of Ti-O, was

titanium species might if both the oxidation reaction and the

decomposition of H,0s. ‘ Y] : ocen further proved by the phenomena

2.1.2 The periodic.operation in various reactions
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Periodiélloperation of catalytic processes have been investigated for many
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excelleng review by Silveston et ¢



Table 2.1 A list of reactions studied under periodic operation from 1968-1992
(Silveston et al., 1995)

Forced :
Authors Year Process Investigated effects
parameter
Lehr et al. 1968 EtOH dehydration to diethyl ether Flow Study of process
nature
Denis and Kabel 1970 As above Flow Selectivity
Wandrey and Renken 1973 Hydrocarbons oxidation Concentration  Product distribution

(propene, cyclohexene)

Renken et al. Concentration ~ Selectivity

Helmrich et al. Concentration  Rate

Baiker and Richarz Concentration  Rate

Renken et al. Concentration ~ Selectivity

Dautzenberg et al. Concentration  Product distribution

Briggs et al. Concentration  Rate

Leupold and Renken Concentration  Rate
Al-Taie and Concentration  Selectivity
Kershenbanm

Bilimoria and Bailey Concentration ~ Selectivity

Crone and Renken Concentration  Rate,

product distribution
Cutlip Concentration  Rate
Abdul-Kareem et al.
Lee et al.

Silveston and Hudgins

Concentration  Rate
Concentration ~ Selectivity

Concentration  Rate

Jain et al. Concentration  Rate

Wilson and Rinker Concentration  Rate

Adesina et al. Concentration  Rate

El-Masry Concentration ~ Rate
Nappi et al. i 1 Concentration ~ Rate
Miiller-Erlwein and Guba 1988 Methacrolein from 1sobutyraldehyde Concentration  Selectivity

Haure et al. IaSO; oxldatl Rate
Saleh-Alhamed et al. ﬂ u:gj % on td ac EJ ’1 ﬂ Concentration ~ Selectivity
Strots et al. > O auon in CS Concentration  Conversion
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changes in feed composition was reviewed by Adesina ez al. (1995). Six catalysts had
been investigated by two separate research teams. Most studied had employed a
strategy using periodic exposure of the catalyst to pure H,. Experimental evidence
was that H, pulsing provided a significant increase in the time average rate of
formation of the lower carbon number paraffins for all the catalysts considered.
Cobalt was the only catalyst for which olefin production also increased. Product

distribution was also modified by H, pulsing, but the modification depended on the
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catalyst. For Ru and Co catalysts, there was a decrease in the mean carbon number
and a shift towards paraffinic products. The Mo catalysts investigated showed an
increase in the mean carbon number under composition forcing, but at cycle periods
that depressed rates of hydrocarbon formation. With Fe, CH, formation was strongly
stimulated, but the product distribution of the other hydrocarbon products was
unchanged. FTS mechanisms proposed in the recent literature seem adequate to

explain qualitatively the composition forcing experiments.

Amariglio et al. (1995)\%%'!;,# that homologation of methane was
thermodynamically dlsfavomk_ eve

under non-oxidative ¢ alldgved wodynamic limitations to be

circumvented. Metal cat

ep procedure using metal catalysts

u were exposed first to methane

and then to hydrogen. T 8 at atmospheric pressure and at

Numerous higher alka
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force could be found in the -ngggy-w IC‘ [ -'r.f;,«,» be'supplied in order to compress part
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of the dilute hydrogen removed. mﬁ firsts [ ste e] D to make it usable in the second one.
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ient operation of catalytic
CO oxidation reactorsDBase 0 ev1dend.éj they concluded that periodic
operation led to time-averaged rates of geaction higher than that possible under

steady-state oﬂatu: Em’ig: %]t&»] %l;’g w&ld’ﬂﬂ ﬁlsts in which there was

strong inhibitiofof the rate by one of the reacta% Experlment&}y, strongly peaked
=R WA ITT T WA IR rmocane ves
indicative of a system in which rate enhancements might be possible through

concentration cyclmg.

Hydrogenolysis for deprotection of amino acid was studied in a trickle bed
reactor containing gas-liquid-liquid-solid four phases by Yamada and Goto (1997).
When organic and aqueous solutions were continuously introduced into the four-
phase reactor, the catalytic activity gradually decreased due to the deposit of

phenylalanine (main product) on the surface of the catalyst. This problem could be
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solved by periodic operation with flow of organic and aqueous solutions in the
reaction period and with flow of only aqueous solution in the washing period.
Although the catalytic activity gradually decreased in the reaction period, it could be
completely regenerated by a washing period of 30 min using distilled water at a flow
rate of 1.7x107 m’/s. The optimum conditions for periodic operation were
investigated by simulation. They suggested that only organic solution should be
allowed to flow in the reaction period instead of the mixture of two solutions to obtain

higher concentrations of the main prod

The periodic opera Q ‘@O reduction with propane over

alumina was mvestlgaw an “@7) Under steady operation, it
was supposed that compgii \
ation of

intermediate by O, dominates.
' the intermediate occurred during the

’MZ was formed during the lean
0e ads ;mnina surface. The adsorbed
NO; reacted with hydgCargonf (HO) ent rich period (rich in HC).

Under periodic operatio

time-averaged NO conversion

showed that the NO conver on@ﬁ S to the period for period > 5's. It

was considered that the adsogm}nrpm

3
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S 0f NO, and/or the intermediate in one
cycle increased w1th‘3xtendmg the penod up to 5

period > 5 s the adsorption of

NO, might be satutaied before the s ;7 o#' the intermediate might be
converiﬂm decreased.
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periodic operatym performance ofr NO-CO reaction over supperted noble metal
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was sigrificant on the performance under periodic operation even if it was not under

used up before O, mjeglon so tha the 2

steady state. ~Strong adsorption of a reactant enlarged the difference in the
performance of the catalysts which had the active component at different radial
locations. The location of active metals, such as platinum and rhodium in the

different depth of the support pellet, improved the NO, removal under periodic

operation.
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The cyclic operation of the oxidative dehydrogenation of propane over a V-
Mg-O catalyst by the alternate feeding of propane and oxygen gas mixtures was
investigated by Creaser et al. (1999). They reported that the response of the reaction
products following a step-change in composition determined the cyclic conditions that
resulted in an improved yield of propene. By alternating propane and oxygen with a
1:1 cycle split, time-average propene yields higher than steady state could be
obtained. The optimal cycle period was found to be about 60 s. This 60 s period

provided high propane conversion, as well as high propene selectivity. The cycle split

ed half of the cycle with little effect on
the time-average results. k ‘ needed only to be long enough to

’ . . . .
reoxidize the catalyst. ?ne feed @;s varied by feeding increasing
amounts of propane in the. -c cwge in feed scheme caused an

_—

wetted catalyst were desirable f
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velocity and partlzrrﬂy wetted catalyst W@‘lﬁ in gas-limited reactions.

when gas supply 1s§ C, oy We spacq’_'rjime and lower cycle split.
Maximum enhancemengoé.‘about 60% wag possible with a cycle split of 0.25 at the

lowest liquid ﬂ; 5§ Jefofity) %}%%%&Jtﬂuﬂ@ormance enhancement

under liquid-lifhlited conditions was observed only with Base—Pgﬂ( flow modulation
4 ) ORI R R G o i s
velocﬁ in the trickle bed. Performance enhancement was shown to be a strong
function of the induced flow modulation frequency and indicative of the natural

frequency of the governing process.

The trickle-bed reactor specifications and the operation conditions for the
hydrogenation of a-methylstyrene in a cumene solution using Pd/Al,03-catalyst under

periodic operation was studied by Lange et al. (1999). The result of the experimental
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indicated that the increased and decreased catalyst wetting, the optimal influence of
the mass transfer processes (gas-liquid, gas-solid, liquid-solid), the development of
more channels (destruction of liquid pockets) in the catalyst bed were some of the
causes of improved reactor performance. The simulation with an unsteady-state
heterogeneous model demonstrated that the wetting efficiency had a very strong

influence on the global reaction rate and on the conversion, respectively.

Stradiotto et al. (1999) stud1 he hydrogenatlon of crotonaldehyde under
periodic flow interruption in a ared likely that at low liquid flows,
steady-state reaction rate er th ones because the catalyst was

nonuniformly and only fra ly result the gas reactant might be
quite accessible to the sig*bui without th reactant presented on most of

the surface, the net effg The importance of penodlc

probability of greate iffusion sesi arices | om, t 1qu1d phase, to enhance the
likelihood that the two'reacta ! . “ t over a wide portion of the
total catalyst surface, thefeby i “__.. te of reaction. At high liquid

flows, the steady-state operatiofitwas 4 good way (o carry out reaction in a trickle-bed

reactor when the two reactgms:;mrez 140 separate streams. The fact that the

apparent rate con&a‘ht Was ~than for low liquid flows
suggested that an mér ased liquid flov ! -.-a e wetting efficiency and
markedly increased t fractlon of the catalyst surfacUon which reaction proceeds.
Some poorly irrigated sé’ctlbns were | Ss n the form of very thin
liquid films, ‘ég ﬁg‘ﬁ%}ﬁ i]lj of gas to the catalyst
surface in add1t10n to a hi gh level ofatatalyst usedes,
Q‘W’W AINTUURIINYIAY

Periodic operation of the Deacon process was studied by Nieken and
Watzenberger (1999). They observed that there were some problems arising in two
step Deacon process such as corrosion, space time yield, chlorine purity, catalyst
deactivation and overheating of the catalyst. The periodic two-step process with flow
reversal allowed the production of pure and dry chlorine at a high space time yield.
By operating the process at temperatures lower than 400 °C the catalyst deactivation
due to CuCl; volatilization was minimized. They suggested that an optimal catalyst

design was essential to overcome the dechlorination rate limitation and the HCI
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contamination. Dynamic simulations showed that flow reversal rapidly leads to
overtemperatures. Cocurrent operation and optimal dilution of the feeds by nitrogen

made it possible to keep reactor temperatures between 250 °C and 400 °C.

Opoku-Gyamfi et al. (2000) investigated the influence of cycle parameters on
periodically operated fluidized bed reactor for CH, autoreforming. The foregoing
results indicated that under periodic cycling, CH, steam reforming proceeded via the
interaction of entities derived from_the dissociative adsorption of CHs and H,O
leading to the predominant forma \\g}f and H,. CHy oxidation on the other
hand occured through the lﬁ% ‘éd @ and O; derivatives to form CO
1

and H,O as the major Wt = x=0.1; =10 min, Sex=0.1; =20 min,

Sox=0.1 (Sox Was cycle spli ime spent in the O,-rich region,

and t was cycle peri higher (15% increase) H,
-I ‘l' " ! . i . . .
formation rates comparegdfto ' 0 ‘Rggodlc operation offered a more

& ratio during autoreforming

The operation of

——

known for its advantages in E@Og an' inc:

Boelhouwer et al. 2‘()01 mentione

might then be utili to improve re: cé“in terms of an increase in

capacity and the elignation of hot spots, while iﬂerfacial contact times were

comparable to éi’ckle fléwesDuring the pefiddic o er;jio of a trickle bed, continuity
i 3

oldialocd e corgrn dod

This resulted irﬂhe division of the«olumn into a,region of highgliquid holdup and a

rsion'af ] i b bileddoh b iy s fbption of putses

took plade in the liquid-rich region. Analysis of the performed experiments indicated

shock waves hange in liquid flow rate.

that besides gas and liquid flow rates, an additional criterion for pulse inception was
the available length for disturbances to grow into pulses. For self-generated pulsing
flow this resulted in the upward movement of the position of the point of pulse
inception with increasing gas flow rate. With liquid-induced pulsing flow this mean
that higher gas flow rates were necessary to induce pulses as the length of the liquid-

rich region decreased.
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The direct catalytic cracking of methane into hydrogen and carbon was
explored in detail as a potential alternative to steam reforming and partial oxidation to
produce hydrogen free of carbon oxides by Monnerat et al. (2001). Deactivated
catalyst could be regenerated in the oxidative atmosphere. Therefore, the direct
catalytic cracking was followed by catalyst regeneration during periodic reactor
operation. The temperature strongly affected the conversion and the selectivity of the
process towards hydrogen and carbon oxides formations. The influence of cycle time
on the time-average hydrogen performance showed a maximum for a cycle of 4 min.
The selectivity of carbon 0x1c{\ fluenced by the cycle duration. The
influence of the cycle spht ime- a@drogen performance showed that a
1ed=c cle‘?spht—UT-Thls value corresponded to a

1 to the time of regeneration.

maximum value was

symmetric period when t

was study by Turco

phase to the Pd surfac 1 attempt to exploit the inertial

o-current trickle bed was not
successful. On the contrar periodic. nodulation in liquid loadings could result in
Q!, —

significant increases in rates of feaciion even. when there was no change in bed
P e ) e ;

)

temperature as a ré}'nlt of modulation. Th&Aé;

inertial effects whichd low foaming creat

t probably resulted from
. -‘-!k d flow rates to persist when
the liquid flow rate wg reduce to a low value and the@stem should have reverted to
a trickling regime withott.feam.
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Gutsche et al. (2003) studigd the effect of the nonlineasity of an isothermal
cataly@ rqﬂtf)-q alqgnﬁ] ﬁ memwﬂr%e%ﬂ%ﬁn E‘ the Langmuir-
HinshelWood type on the yield change caused by periodic operation. As found in the
case of quasi-stationary periodic operation, global improvements were only obtained
if the surface reaction is the rate controlling step. With rising sorption rate
limitations, the global enhancement was strongly diminished and attained a value of 1
(no improvement) if the sorption process controlled the overall rate. External mass
transfer was found to have a negative effect on the global yield improvements, i.e. the

larger the contribution of the external mass transfer to the overall process rate the
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smaller the yield improvements. No improvement was obtained for external mass
transfer control. Axial dispersion proved to have only a negligible effect on global

yield improvements.

Tukal et al. (2003) studied the impact of dynamically changing extent of
wetted catalyst external surface and intensify mass transfer of gaseous oxygen on
catalytic wet oxidation rate of aqueous phenol under periodic modulated liquid feed.

They found that periodic operation ‘]f trickle-bed reactors significantly increased

operation mode. Tempera _ 1c reaction, periodic wetting of
external catalyst surfac@ @ass transfer from gas phase to
catalyst active sites wer ration parameters like gas and

From the previous ie o1 dction, there are many researches about
S - -
the hydroxylation of aroma ie. TS-1. However there are S
ydroxy of arom tu‘:@ ) TS 1 Qwe r there are only some
researches about thﬁ})ydroxylatlon of benzene 05 although this is the simple

reaction (it yields only two products). F wedliteratures, the particle size
of TS-1 catalysts hadme influence on
particle were not fullyfutilized because ©f pore diffusion limitations. Thus, the

hydroxylauonﬂ uﬂu%w&lmﬁnwﬂa a ﬁmal surface of catalyst

particle. Rate qé'ontrolhng step thep would be the film type mass transfer from the

it ARCTEY T B N‘Wn PABI @efefed the wening

efficiendy (which affected the mass transfer rate) should increase the rate of reaction

alytic act1v1tﬂ It resulted that large zeolite

and yield.

Although, the periodic operation could be improved the rate of the
hydroxylation of benzene reaction, but the previous studies showed no research in this
operation. Thus, the hydroxylation of benzene by H,O, using the TS-1 as the

catalysts under periodic operation is chosen to studied in this research.
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