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ABSTRACT

Membrane catalytic reactors 18 an emerging area in the field of catalytic reactors. It
promises to overcome some of the major problems with the conventional reactors,
especially with reference to catalyst handling and disposal. With this aim, vapour and liquid
phase hydrogenation reactions of industiial importance, presently carried out in
conventional reactors, were chosen for this work.

For a basic reaction of ethylene hydrogenation in vapour phase on palladium
meimbrane reactors, many of the aspects are not yet very clear. An attempt was made to
investigate this reaction in view of external mass transfer considerations. Detailed study
revealed that the apparent meinbrane performance was significantly lower than its true
performance, due to external mass transfer effects.

Liquid phase reactions over catalytic pallédium membranes are comparatively new in
this area and the phenomenon is also not clear. Therefore first the study of hydrogen
transport from gas to liquid phase over palladivm membrane was undertaken to get a clear
picture about the physical phenomenon, in the absence of chemical reaction, The concepts
developed here could be applied to liquid phase hydrogenation of butynediol, industrially
an important reaction.
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External Mass Transfer Considerations in a Palladium/Silver

Membrane Reactor with respect to Ethylene Hydrogenation

Abstract

An attempt was made to investigate the external mass transfer effects on overall
kinetics of ethylene hydrogenation in a Pd77Ag23 membrane reactor maintained at
200 °C and atmospheric pressure.The mass transfer resistances on both sides viz.
annulus and tube side were found to have significant effect. Thus the true membrane
performance was found to be significantly better than the apparent one, during
permeation mode of operation. Under identical parameters, the permeation mode

performance was observed to be better than the premixed mode.

Keywords : ethylene hydrogenation, Pd77Agy3 membrane, annulus side, tube side,

mass transfer resistances, permeation mode, premixed mode



Introduction

In the area of membrane processes, the field of membrane catalysis has attracted
considerable attention in recent times, Choosing the best type of membrane for a
particular reaction poses the biggest chatlenge[1,2]. The need for thorough
consideration of the issues of mass transfer has also been mentioned. They are yet to
be focused as compared to other considerations. Nagamoto et al.[3] have reported in
their work regarding ethylene hydrogenation over membrane catalysts that the study
was carried out in a regime where the resistance to mass transfer could be neglected.
Itoh et al.[4] in their work regarding hydrogen permeation have given due

consideration to this; howevér have found the effect negligible in their range of study.

However, 1t is not always possible and many times not practicable to carry out the fuil
work in a regime where the effect of mass transfer could be negligible. This is also
important for preliminary or sometimes applied research applications where a coirect
judgment is necded first to find the suitability of the system. The course of further
detailed investigations can then be decided based upon these preliminary

observations.

An attempt is made-here to study the effect of mass transfer on the overall kinetics of
a reaction in a membrane reactor. Ethylene hydrogenation, which is widely studied
with respect to other considerations[3,5,6], but which still leaves some aspects
unclear, is chosen as a model reaction for the present study. The membrane used for

the present study was an alloy of palladium({77%) with silver(23%).
Ii is to be made clear here that the aim of this study is to arrive at a simplified

procedure, which can make use of certain simplifying assumptions. When they are

reasonably valid, this method could be used to arrive at the true kinetics easily. This



work does not claim to be an cxhaustive mass transfer study regarding the

hydrogenation of ethylene over Pd/Ag membrane catalyst.
Experimental

The setup was the same as that used by Itoh et al.|7] for the study of
dehydrogenation of cyclohexane in a membrane reactor. The same is shown in Fig, 1.
From the annulus side of the reactor, 10% Hp )Ar mixture was passed, whereas Coly
alongwith Ar was passed from the tube side in the permeation mode. In the premixed
mode, A mixture Of 10% Ho/Ar and Collg4 was passed through the tube side and only
Ar was fed from the annulué side. Tube side ontlet gases were analyzed by an "on
line" gas chromatograph(TCD). The outlet flow-rates on both the sides were
measured by soap bubble meters. As in the earlier work of Itoh et al.[7], the reactor
assembly was placed inside a furnace with accurate temperature control(x1 °C),
hence there was no difficulty in maintaining the temperature at 200 °C. After each run

both the sides were kept under argon atmosphere, overnight,

The details of the membrane reactor(7] are shown in Fig. 2. The stainless tube
32.7 mm ID x 4.9 mm thickness is referred to as the "annulus side" and the inside
10.4 mm OD x 0.2 mm thick containing a 3.2 mm diameter inside tube for gas entry,
is referred to as the "tube side"” in the forthcoming discussions. The effective inside

volume came to 13 cm3.

Ethylene conversion was defined as

CoH4 moles at inlet - CoHy moles at outlet
% Conv = % 100

CoHg moles at inlet



In all the runs the maximum conversion of ethylene was noted. All the runs were

carried out at atmospheric pressure.
Method of calculation and assumplions
Rigorous method

Itoh et al.{7] have developed a general model for flow and composition
variations along the length of a membrane reactor in the presence of an inert gas.
Ideal gas behavior is assumed. The second order rate constant was taken with respect
to partial pressures of CoH4 and Ho. lllustration of the method is shown in the
appendix (CpHy is denoted by "D").since Pd membrane would allow only Hy to pass
through the same, the variation of Hp concentration on the tube side is given by
material balance between the permeated Hy and that consumed for the reaction.
Permeation coefficieni(a), under the experimental conditions was found to be 1.4
x10™ mol/s. The final equations(3 and 4) are expressed in the dimensioniess form(of

Eq 1 and 2).

For the sake of convenience, the term 2n 1 ki P%r is called y which is a function of
the second order rate constant "k", since all the other terms in ithe above equation are

constant.

In oversimplified form, Eq. 3 and 4 could be written as :

o _y i1 Up, U] o
and

dUp _ _dUp

T g{ Up, Un] L (4a)



since all the other terms are constant, Numerical solution for these equations is.

obtained by first assuming a value of y and then soiving them on computer by

modified Runge-Kutta method analogous to the formats :

X=flt,x,y] and gtlz gluxy];

2

the interval is taken as 0.1 and solved for h from O to 1. At each interval the outlet
values of Up and Uy are taken as inlet values for the next interval and so on. At L=1
the experimentally measured and the calculated values of Up and Uy are compared ,

and calculations repeated till they are in agreement. The final -y value(observed) for

that particular set is then used in further calculations.

Simplified method

This makes use of further simplifying assumnptions regarding the reaction. The
reaction is carried out under large excess of argon(inert). Hence the concentration
variation of the reactants between inlet to outlet could be neglected. As seen later, the
reaction is governed by the availability of Ha and hence a first order behavior with
respect to Hp concentration is assumed. The residence time for this is defined as equal
to the free volume inside the membrane(13 cm3) divided by the inlet total flow-rate
(cm°/s), since there is found to be only about 5% variation in the total flow-rate at the

inlet and outlet..
Results and Discussion

Constant flow-rate on the tube-side( permeation mode}



In thls case tho tubo suie flow 1atos of cthylene and argon were maintained at
3.37 and 15 37 01113/mm 1especnvely On the annulus SIde, the flow-rate of 10%
Ha/Ar mn\ture was vaued Flg 3 shows the % conversion of ethvlenc asa funcuon of
annulus side total flow-rate. Smce the 1nlet ﬂ_ow-ratc on the tube side was constant
and as mentioned before, there was only a small difference between the inlet and
ontlelj flow-rates on the l.tibc side, the contact or the rcsidencc time could be assuméd
constant. Howeve1 the gr aph shows an increase in the conversion with the flow-rate
on the annulus ude ln order to havc a bettcl p1cture the leues of the second or dex
rate constant pala meter vy, and also fos the. appaxent ﬁrst Ol‘dﬁl rate constant kapp were
' calculated fo1 each flowqatc(Q cxpxessed mn cm3/s) 'l‘ hese fesults are plotted in Fig.4
and Fjg 5 rcspecﬂvely They show that both vary as a function of the annulus side
ﬂow rate. ThIS glves ev1dcnce of the prcscnco of resistance to mass transfm on the
annulus side. Both the glaphs show tlldt beyond about 150 cm3/mm flow late thc

values of y as well as kapp ]evel off alound 9x10 mol/s and 0. 115 s 1espect1vely

In order to obtain plactzcal confirmation of the above hypothesxs cxpenment was
carried out by repiacmg the 10% Ho/Ar mlxtme on the dnnulus side by pure Hg On
the tube side, flow- rates of C2H4 and Ar were kept at the same values (total 18 7
cm3/nun) as abovc thc % convel sion was noted and the values of Y as well as kapp
were worked ott. The results are shown in Table 1. The Y value(leO mol/s)
obtamed in thls case, agroos very well with the value given by Fig.4 at higher flow-
rates of 10% HQ/A}C mixtures (beyond 150 cm3/mm). Agrecment between kapp
values is 'not:so olosé',ltné friost llkoly rcason‘:for'tho same would be validity of the
assumption of consltant ﬁowiraic'bet_vveon inlet and outlet, This could not hold good
as there was large variétion .betwecn' the inlet and outlét flow-rates on the tube-side
when pure Hp was used. The 'liig.'o'rou‘s 'fg‘afnma mélh'.od '.ta;l.kos. i.nto-.aocount the flow-

variationls:along the length of the membrane reactor.
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Estimation of the modified Reynold's number(Nge)(based upon the equivalent
diameter, 22.3 mm) on the annulus side gave avalue of less than 5 for the range
studied , and such a low value could indicate that the effect of mass transfer

resistance could be significant in the present range of study.
Constant flow-rate on the tube-side(premixed mode)

In this case a mixture of all viz. (Ar+CoHg+H27) was fed from the tube side of
the membrane veactor, The total flow-rate was képt at the same value(18.7 cm3!min)
as that for permeation mode study. On the aﬁnulus side, argon was used as a sweep
gas. However to prevent the escape of Hp on that side, the flow-rate of argon was kept
as low as possible(6.46 cm3/min). In view of the previous considerations of mass

transfer on the annulus side, the gas film could be assumed to prevent any escape of

Hz on that side. The Coll4 conversion oblained was 34.6%. From this the value of y

came to 1.:36)(10“4 mol/s and that for kapp to 0.01 s1,

Comparison{permeation vs premixed mode)

Under identical conditions, we find from the above discussion, that the 7y value

obtained for permeation mode(8x10'4m01/s) is about 5 times more than the same for

premixed mode(1 56x10™ mol/s). Similarly, the value of kapy for permeation mode is
about 10 times that for premixed mode. Thus there was found to be significant
enhancement in the rate of the reaction under permeation mode which is attributed to

the presence of active hydrogen in atomic form{7,8] by earlier workers.
Constant flow-rate on the annulus-side(permection mode)

In the above experiments, only the flow-rate on the annulus side was varied,

whereas flow-rate on the tube-side was maintained constant. The mass transfer effect



on the annulus side could thus be found out. However, the above study (_:ould_ not
determine wh_ether the mass transfer effect on t_ﬁe tube side was substantial or
negligiblé In ordei‘ io ﬁnd out .this, study was donc with varying ﬂow—rate on the tube
side. The annulus side flow-rate of 10% H;JjAl mixture was kcpt at the maximum
possible i.e. 250 7 cm3/1mn so that the cffect of mass ndnsfel 1esmtance on the
annulus side is negligible. Also care was taken to maintain the inlet ratio of Ho/CyH
constant throughout. Flow-rate variation on the tube side was achieved by varying the

flow-rate of argon only.

The eihyiene convers_io_n. was found to decrease with the increased flow-rates on
the tubé side(Fig.6). The most likely reason for this would be the decrease in contact
time at higher flow-rates on the tubé s.ide. To investigate further, as before, the values
of v aﬁd Kapp were dciermiued for various total flow-rates on the tube side. Again, it
_ waé fﬁunq that there is conﬁderabic effect of Q(tube side ﬂow-rate,C1n3_'ls) on these

values.

Considering that the overall rate is given by the summation of individual resistances

in series{9] :

1/ T = 1/ Ykinetic * 1 / Yinass transfer

and similarly for kapp :

1 /kapp =1/kkinetic + 1 / Kmass transtet

Above method is applicable to a first order reaction where it is required to take
concentration gradient for only one component. However in our case, on the reaction
side there is only the concentration gradient of ethylene due to mass transfer effect on

tabe side. Hence above form of equation could be conveniently applied.



In the above expressions for summation of resistances, the first term bn the R.H.S. is
independent of the fluid flow-rate. The second term is a function of the fluid flow-
rate(Q) and can be expressed as { constant ¥ Q"L "n" is an exponent depending upon
the other conditions like flow regime, system and so on. However in order to

simplify, plots of :
1/701‘ 1 /kﬂppvs ]. /Q,

were drawn, for which the intercept at 1/ Q=0 (y axis intercept) could give the values
of the inverse of kinetic rate constant terms. The hypothesis behind this is, at
theoretically value of Q=infinite or practically very high flow-rates, the gas film
resistance would become negligible and would correspond to the true kinetics of the
reaction. These graphs are shown in Fig. 7 and 8 respectively. The y-axis intercepts
come 1o 332.36 and 5.7378 respectively which would give Yuinetic and Kinetic  at
30x10*mol/s and 0.175 s~ respectively. However the interpolation of the data is best
fitted by curves in both the cases, which raises doubts about the correctness of the
intercepts. In order to kniow this, use is made between the heat, mass, and momentum
transfer analegy[10]. Here the mass transfer coefficient is assumed to vary as the
power of 0.83 with respect to Q , when others are constant. In our case too, properties
of the fluid could be assumed constant and since argon is present in Jarge excess, the
log mean partial pressure of the same could also be assumed constant. Thus

Yinass transfer OF Kmass transfer would be proportional to QO'83 . Therefore, the results
from Fig. 7 and 8 were plotted again as :

0.83

0‘83and 1/kappvs 1/Q7.

1/yvs. 1/Q

These are shown in Fig. 9 and 10 respectively. It is seen that the data are fitted

reasonably well by straight tines for which the y-axis interccpis are 281.58 and 5.1327



respectively. From this the values of kinetic rate constants Yrinetic and Kkinetic come
to 35.5x10“4mol/s and 0.194 s-1 respectively, which are close to those (301(10~4 mol/s

and 0.175 5'1) found from Fig. 7 and 8 respectively.

As found in the study on the annulus side, the value of Nge on tube side (based on
equivalent diameter 10 mmj)came to less than 30 in the present range,which could
also give an evidence of the significance of the mass transfer resistance on the tube

side.
Implications

From fhe prcceding discussion, it would be clear that the true kinetic rate
constant values were found to be significantly higher than those "apparent” values
when the mass transfer considerations were not taken into account. For example, the
true ¥ value for the above system came to the order of 30)(10'4 mols; for a study
confined to a flow-range of say about 15 cm?/min this would have given vy values of
the order of 2 to 4x10™ mol/s , otherwise. Thus 1t would have given a much
"pessimistic” picture about the membrane performance, when the real performance is

far better.

Thus it would be adﬁsaf)l.c 1o givc' due considerations to the mass transfer
effects which could be Signifiéant even at the laboratory stage. As far as possible, the
study could be done in a regime whefe these effects would bé negligible. However, if
it is practically not possible to do 50, in such cases the suggested guidelines could

help in getting a better picture of the "true" kinetics in a membrane reactor.

Conclusions



- Mass transfer effects need due consideration for a system involving two or
more fluids, even for bench scale experimental work, with reference to a developing
field such as that of membrane reactors to be able to decide better the further

approach of the research work.

- If due consideration is given as in the suggested procedure above, they could reveal
a much different picture of the membrane performance than the "apparent” one. For
example, the present study revealed that the true reaction rates could be about 5 to10

times higher than the observed rates.

- The present study could also show that the performance in permeation mode of
operation was better than that for premixed mode, an observation in line with the

previously reported work.

List of symbols

A cross sectional area, m

Degq equivalent diameter for fluid flow , m

G mass velocity, (equals Q* p./ Al kg-ln'z-s‘1

k second order rate constant (rigorous method), moles-m2-3 'lPé'z
Kapp pseudo first order rate constant (simplified method), s -1

Kkinetic pure kinetic pséudo first order rate constant (simplified method), 51
Kiass transfer  Mass transfer coefficient term (simplified method), s -1

Iy total reactor length, m |

l length of reactor section, m

L dimcnsionkss length of the reactor écctiou (1/1g)

Nge modified Reynold's number (= DeqG/il]) )

p partial pressure, Pa

Pq reference pressure (atmospheric), Pa



Pr total pressure, Pa

P permeability coefficient of the membrane, mcules-s‘l-PaO'5 1
Q . volumetric flow-rate of gas at standard conditions(25°C,1 atm), m3-s
rj | mérﬁbran‘e'iﬁsidc radius, m
I'o membrane outside 1'adiu$, m .
t residence or contact time (:= Q /1'éa¢£oi' Qolunne); S
u molar flow-rate of gas through the tube side.1 mél-s”1 :
Up | molér.ﬂq‘,\}—rate of gas at tube inlet 0011difi6ns, mol-s”}
U ﬁimeﬁsibnless molar flow-rate of gas. .through tube side(=u/ ugy)
v 7 molar flow-rate of gas through annulus side, mol-s ™! *
Vo | molar flow-rate of: gas at énrﬁilus inlet.conditi_o.ns, mol-s
v ~ dimensionless molar f low-rate of gas througﬁ annulus side(=v /vo)
X . 'f.r.actio'nal conversion of ethylene(= %conversidn / 100)
o ‘permeation coefficieﬁt fér the nleiﬁbl'éllé(——ztlg?—) ol s
P AR Y VS
¥ kinetic rate parameter (rigorous method), mol-s~1
'mﬁeﬁc . .- pure kir_l_etic rate parameter (;'igorous method), mql-s'l

Ymass transfer  Mass (ransfer parameter (rigorous method), mol-s~1

m - constant (=3.1416)
i fhiid viscosity, kg-m L1
p fluid density , kg}m“3_
subscripts
D . reactant (ethylene)
H hydrogen’
1 inert(argon)
r tube siﬁe(l'eabtion side)
$ annulus side(separation.'side)
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APPENDIX
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Table 1: Results of the study with pure Hydrogen on the annulus

side

63.6 cm>/min

il

_ Average flow-rate of ptire hydrogen:

. Average flow-rate on the tube side | = 45.4 cm/min
(CoHa+Ar+Hy)
 _~ Ethylene only inlet flow-rate = 3.37 cm*/min
.. Argon only inlet flow-rate | = 15.37 cm*/min
_ % conversion of ethylene =995 %

8.0 x10™. mol/s

~ _ 7y value by calculation

il

- _kapp first order by calcuiéti_c’u_a : 03,5

‘(based on average residence time)
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Ethylene conversion, %
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Fig.3 Effect of annulus side flow-rate on ethylene conversion.
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Fig.4 Y variation with annulus-side flow-rate.
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Hydrogen Transport from Gas to Liquid Phase through a
Pdyy Agaz Membrane

Abstract

Hydrogen transport from gas to liquid phase (water) through a Pd77Ag23

" membrane was investigated. An attempt was made to explain the significant reduction
in the flux observed in case of liquid phase with the help of bubble model and
solution models respectively, Whereas the bubble modet was found to be valid only
for a limited range, the solution model was found to correlate the experimental data
over the entire range of pressure and temperature studied. Thus the entire transport of
hydrogen from gas phase via membrane to the liguid phase and finally into the sweep

gas could be satisfactorily explained by resistances in series approach.

Keywords : hydrogen transport; Pd77Ag23 membrane; liquid phase; bubble model,

splution model



Introduction

' 'Modciing of some of the gas phase reactions in membrane reactors have been
reported in literature [1]. In a recent study on ethylene hydrogenation over Pdy7Agy3
membrane, external mass transfer effects were found to have a significant effect on
the overall rcéction [2].

Much of the earlier pioneering work regarding iiquid phase hydi‘ogenation has
been done by Gryaznov and co-workers [1, 3]. Continucd efforts in this area of
significant industrial importance are being made to have a better understanding of the
process. Recent work of Farris and Armor [4] in this context highli.ghts the difficulties
and complexities in this area. One of their fihdings reveals that vapour pha.se
conversions of cycohexene were found to be better than the liquid phase and dés'pite B
higher temperatures, the conversions in the hquid phase were not found to increase
141

Thus it seems necessary to have 4 beiter picture of the physical processes
involved in the transport of hydrogen for better und'ers'ifanding of the liquid phése |
hydrogenation reactions. Present work is an atiempt in this direction. Further,
correlations based on mathematical models have been proposed. Water was taken as

liguid phase for the present study.
Experimental

Hydrogen permeation study was carried out in the setup shown in Fig. 1.Pure
water was used as liquid phase. Tubular pailadium(77%)/silver(23%) membrane was
supplied by Ms. Tanaka Kikinzoku Co., Japa.n. The membranc,. 10.3 mm diaméter ,
41 mm effective length and 0.15 mm average thickness was placed inside a round
bottom glass flask having 10.5 cin diameter. Thé quantity of water taken for each run
was ca. 400 om>. The surface area of the‘ membrane in contact with water came to

13.38 cm?2. The remaining part of the membrane was effectively sealed off by

— 90 —



polytetrafluoroethylene(PTFE) packing to ensure no by- passing of hydrogen into the
bulk gas on the water side. Pure hydrogen (99.999%) from a gas cylinder was fed to
the membrane inside via a mass-tflow comro_ller (MFC).Qutlet hydrogen was passed
through a back pressure regulator (&iaﬁhragm ﬁalw}c) and a pressure gauge 10 a soap
bubble meter for ﬂow-rate(STP) measurement. On the water-side pure argon, used as
a sweep gas, was fed via a mass-flow controlier (IvIFC). ’Io prevent. water Qz1pbur
carryover in the outlet gas, a reflux condenser with chilled water at 4°C was placed
on the top of the flask (at the gas outlet); The remaining trace of water vapbﬁr, if any,
was removed in a silicagel trap for which the silicagel was replaced from time to time
with fresh one. The flow-rate(STP) of outlet gas containing permeated hydrogen was
also measured by soap bubbl¢ rheter._ Salﬁple of the outlet gas for GC analysis was
drawn just after the silicégcl ﬁ‘aﬁ, cve;‘y 10 minutes. Tﬁe_ﬂask was provided with a
magnetié stirter with variable power input, measured by a powermeter. Temperature
measurement was done by a thermometer whereas water bath was used to achieve =
temperature control within £ 1°C. Atmospheric pressure was also recorded during
each run.

For the determination of permeabifity of the membrane, hydrogen-gas phase study
was done at atmospheric pressure for a teiperature range of 50 to 90 °C. Hydrogen
ﬂow;raté was 22.17 cm3/min. Maximum possible (199.3 ¢cm®/min) flow-rate was
used for argon so that the possibility of the gas phase masS—u'ansfez_' resistance
affecting the flow of hydrogen could be eliminated. The permeability obtained was
found to be in agreement with the earlier ‘woﬂc on similar membrane {5].

Hydrogen and argon inlet flow-rates were 10.15 and 9.56 cim’/min
respectively. During each itn the steady-state was achievéd after about 100-120
minutes. Average of the final steady state ﬂ;)We;'ates and comresponding gas analyses
were taken for calculation. .Réproducibility of all the results was confirmed. The
following parameter range was studied : hydrogen pressure from atmospheric to 1.3
atm, liqﬁid temperature from 40 to 90°C, pressure from 0.3 to atmospheric and power

input from 8.57 to 12.1 W.



Basis for calculation

Hydrogen permeation rate (Q) :

. Ie) : . o :
Q= hydrogen % 1%)6GC analysis x ( average outlet flow-rate of bulk gas )

Partial pressure of hydrogen on the hydrogen-side (pyg n) :
PHg,h* atmospheric pressure x(1+ gauge pressure).
Partial pressure of hydrogen on the water-side in the bulk gas (pHygp) :

o

average _ouﬂet flow-rate of bulk gas

PHgb= x'(' total pressuré)

Analytical models

In the case of hydrogen permeation from gas fo liquid phase, a diffcl'ence in
hydrogen partial pressure between both the sides of the meﬁ;bran_c would be,thc' -
driving force. However the most important problem is how to evaluate the p_artial
pressure of hydrogen on the liquid .phas‘e, side. For that based upon observation and
. insight, .thc_ following two models are proposed:

1. Bubb!e_mo&et '

Permeation through the_, membrane follows Sievert’s law and.in the liquid phase
the flow of hydrogen occurs by formation of bubbles, in which Simul'taheous
hydrogen permeation and water vapour saturation takes 'placc as shown jn Fig. 2.Thus
the sum of paftial pressure of hydrogen dnd waier vapour pressute inside the b_ﬁbbies-
would be equal to the sum of atmospheric pressure éﬁld the average statié head of .

water above the membrane surface:

Pr+prh(g/ge) = pagl + Pw . (.



The hydrogen permeation rate () could be therefore given by Sievert’s law as :

Q= Tn% ( YDHgh - VPIig.1 ) | (2)

ol

Since the other values except the partial pressure of hydrogen in the bubble are known
experimentally and in literature [6, 7], Q can be ¢éstimated from eqns. (1) and (2) and
compared with the experimental results.

2. Solution model _ _ _

This model is based on thé s’o—callcdrﬂuid fihﬁ thcoiy a‘s‘df.:picted in Fig. 3. The
solution process from the membrane-liquid intérface to the bulk liquid is considered
to be rate-limiting. Assumptions and the corresponding matﬁematical descriptions are
as follows:

i) Flow of hydrogen through the membrane is assumed to be governed by the
permeability of the membrane, where since the gas is pure hydrogen, the gas phase

mass transfer resistance could be neglected:

Q= % ( ¥Pigh - {PFET ) | | @

i1y At the membrane-liquid interface (adjacent to the membrane on the liquid sidc),
the imaginary hydrogen partial pressure pHg, 1 is assumed to be in equilibrium with
the hydrogen solubility, C*:

pHg,1 = H C*, where H is Henry’s constant’ | ' 3)

and rate through the thin liquid film is given by

Q= kiag V (C¥*-Cpyik ) (4)
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iii)The hydrogen concentration in the bulk liquid, Cyur, is in equilibrium with the

partial pressure of hydrogen in the bulk-gas stream,

Cugny = Hgd - (%)

H

As per literature [8., 91, since the turbulence in bubbles is-generally high, the gas phase

mass transfer resistance for the bulk gas can be neglected. -

By eliminating pyg, 1 from eqns. (2) - (5), and solving for ky, ,

k= Q _ L here, Ky - k;a;?v T ey
{'J PHgh - ﬁ(i J - PHa.b | -
(Z24)

For the present case Q could be found from measurements and since other parameters
ineq. (6) are known , kw can be estimated,
For a general case when ky is known, then Q can be calculated from the general

format by solving for Q:

1?2 P, o omenepd <0 @
tm tm/ '

, after discarding the unreal value from the roots of the egn (7).
Eqn. (7) reduces to the format of Sieveit’s 1a\_f) for gas phase in the limiting case of :

kw approaching infinity.
Results and discussion

Effect of sweep argon flow-rate on the permeation rate was investigated at
various temperatures and is shown in Fig. 4, Beyond ca. 200 cm?/min, the permeation-

rates level off showing that the gas phase mass transfer resistance is negligible.
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Fig. 5 shows that the membrane permeability - temperature data is well
correlated by Arrheniué plot at argon flow-rates ca. 200 em?/min. The permeability
values from this graph were used fdr further .calculations.

The main finding of fhis study was a substantial decrease in the flux values from gas
to liquid f)_hase. experiments under identical temperature and pressurc conditions
which needed to be explained properly to understand the phenomenon better. The
proposed models are considered frbm this viewpoint.

1, Bubble model

For determination of partial pressure inside the bubble from egn. (1) the static
head term for the present case was found to be negligible(less than 1%) as compared
to the pressure terms. The partial pressure of hydrogen inside the bubble was found to
decrease from 0.907.to 0.288 atm when the téxﬁperaturf_: was increased from 40 10 90
°C. - Comparison of calculated flux (J) values with the experimental is shown in Fig. 6.
The b’ubbic model is found to fit the'experimental data for a temperature range of 60-
70°C (atmospheric pressure), beyond which deviations are noted. By increasing the
liydrogen side pressure (Fig. 7), the difference between the calculated and '
experimental values becomes more pronounced at 80 °C. Vaﬁation of sweep side
pressure (Fig. 8) élso confirms large deviations in predicted J - values from the
experimental. Thus the bubble model is found to have limited applicability for the
case of liquid phase hydrogen permeation.

2; Solution model.
Mass transfer coefficient s dere’rﬂin’ation and comparison with literature

- For gas-liquid systems in agitated vessels, the gas-liquid mass transfer
coéfficients study has been widely reported in literature [10-16]. However,the data for
industrially important systems such as hydrogen and liquids seems to be scarce[ 10,
16]. In general, the overall masé .tra'ns'fcr coefficient is observed fo be a strong
fu;_iction of agitation speed( or power input per‘unit.volufne of thé liquid), impeller
d_ia:ﬁeter, diffusivity, superficial gas velocity, Sulfacc ténsion, viscosity of the liquid

phase [11] etc., the last four being temperature dependent. The proposed model is



anatogous to the case of mass transfer in agitated vessels excepting that the gas
(unlike other cases) is coming via permeation through the membrane, Nevertheless, it
was thought that the present work order of magnimde of kjag , would make an
interesting comparison with the values calculated by using some of the literature
correlations.

1. Effect of hydrogen pressure on feed side

parameter. Values of ky, were calculated for each by using eqn. (6). Fig. 9 Show_s Ky .
as a function of pyp p at different tcmperatu'res. Ky is found nearly independent of
PHg i This behaviour is comparable to the study by Albal et al.[10].
2. Effect of temperature

To compare the experimental values with those calculated by usihg literature
correlations of Calderbank [9,1'3] and Oguz and Brehm [14], the vdlumctl‘ic overall

mass transfer coefficients k; ag (experimental) were calculated from the following

k]aB=1£ﬂ\—}-I— S - o ®

sinée kyw could be calculated from eq. (6). The H valueé are listed in Table 1.

_The results are shown in Fig: 10. It. can be seen that the experimental as well as
literature data can be fitted by Arrhenius type cquatioh_ (straight lines). The .~
experimental values are observed to be in the range of the values predictc_d by the two
correlations. A typical comparison of kjap values at 40 °C, atmospheric pressure and
9.87 W power inputis given in Table 2. The _range of parameters for the literature
correlations and the present work are compared in Table 3, which shows that the
order of magnitude of ug (gas from Hy permeation) for the present work is much
lower than the literature corrclationS (gas from spargers etc.) whereas P/V mag:nitude
for the present work is on the h.igl.ler.'side.

3. Effect of pressure on sweep side

96 —



“This was studied by operating the system under vacuum whereas feed hydrogen
pressure was nearly atmospheric. As seen from Fig. 11 the pressure on sweep side has
significant influence on kj ag. The literature correlations also predict similar trend and
are comparable to the experimental 1_'csults._

4, Effect of agitation power input

From Fig. 10 and 11 the kj ag values are found to increase at higher
temperatures and lower pressures respectively when the o_thcf parameters are
constant. This could be most likely due to increase in turbulence in the liquid phase as
it approaches the boilingpqint (higher temperature/lower pressure). If this basis is
valid, then any external means of increasing turbulence (e.g. by increasing the power
input to the liquid phase) should also increase kjag. The results of this study (50°C)
shown in Fig. 12 (a) and (b) are in confirmation of the above basis. kjag is found to
increase with increasé in the power input P/V to the liquid phase. The experimental
results are also found to be c_omparablc (although some scatter in the data was
observed) to the literature correlations of Calderbank and Oguz and Brehm.

5. Comparison of the twe models with experimental data

Fig. 13 shows a comparison of the iwo models with experimental results for J
variation as a function of 1/T. Calculated values for the bubble model were arrived
from eqn. (2).and those for the soiutioh‘modcl from eqn. (7). Gas phase flux values
are also plotted to get an idea about the reduction in J values in case of the liquid
phase. The deviation in case of .the bubbie model is clear from the figure whereas the
solution mode! could fit the experimental data well for the entire range. The bubble |
model does not take into account the effect of turbulence and hence is not valid for
the entire range. For the solution medel, there is good agreement between the
literature predicted and experimental kjag values (although ug and P/V ranges for the
present work are different). This shows that significant reduction in J observed from
pas to liquid phase could be attributed to the liquid phase mass transfer resistance. In
the absence of mass transfer resistance in the quﬁid phase, the behaviour shown by

the topmost straight line ( gés phase) in Fig, 13 could be expected .



Thus the hydrogen transport through liquid phase could be satisfactorily
explaine'd' by Fig. 3'in terms of ‘number of r_'esis.tanéc's in series :

i)'lﬁambranc resistance ( or permeability of the membrane);

ii) gas~lirquid equilibriumm on the liquid side;

iti) mass transfer resistance o:f liquid phase, and -

iv) liquid-gas eQuiIibfium on the sweep 'gas. side.
During steady Stéte, the equilibrium steps would'EE elitminated from the above.
Thus depending on their relative _magni'tude, either one ormore of the above
resistances could control the overall hydrogen transport through the membrane -

system and the slowest step would be the rate détermining step.
- Conclusion

An attempt Was'r'r_aade'-to'tinderstand'the plienomerion of hydrogen transport
from gas to liquid phase ti;roﬁgh'a Pd77Ag23 membrane, Compared 'Q'ith the gds to
gas phase pelmcétion through the miembrane, .sigﬁifiC'a:nt reduction was observed in
the flux for the liquid phase. Two models were proposed in order to sought'
ex_planation:for this, bubble model and solutiOn*médel.

The bubble model is;found to be valid over only a limited: p&i‘éﬁi&éf range. The .
solution model fits the expéﬁrﬁcntal'déta'\vell. Good agreement of-'k'lafoWith the
literature calculated values also show that the hydiogen n'anspoi‘f;' through the liquid
phase is governed by its mass trarisfér fesistance. Thus the overall transport process
can be cﬁplaincd on the basis of.S'it-inma't.ion' of resistances in Seﬁes,-with th.e stowest

step determining the overall rate of hydrogen transport.

List of symbols
BB effective initerfacial aved for gas-liguid contact (cm?i¢m™3 )
A membrane aréa ( cm23) : '



C*

Chulk

£e
h

concentration of dissolved hydrogen in water under equilibrium with
hydrogen permeated from the membrane ( molcm™3) -
concentration of dissolved hydrogen in water under equilibrium with
the bulk gas ( argon/hydrogen, mol-cm™ )

agitator diameter { cm )

diffusion coefficient of the gas in liquid (cmz-s 1y

acceleration due to gravity (cm-s -2 )

gravitational constant ( gmass—gfome"lcm-s'z )

average height of water above the membrane surface (cm )

Henry’s constant { atm—molhl-cm3 )

Flux through the membrane ( = Q/A, mol-cm'z—s‘l)

overall gas-liqmd mass transfer coefficient ( cm-s™!)

volumetric overall gas-liquid mass transfer coefficient ( s 1y
hydrogen-water overall mass transfer coefficient { mol-s~-atm™! )

partial pressure of hydrogen on the hydrogen-side of the membrane ( atm )
partial pressure of hydrogen on the water side of the membrane ( atm )
pértial pressure of hydrogen in the bulk gas ( argon/hydrogen } on water side
of the membrane { atm )

agitator power input (W)

I

‘atm-0.5 )

membrane permeability for hydrogen gas ( mol-s l-cm”
total pressure on sweep side (atm)
vapour pressure of water { atm )

hydrogen permeation rate through the membrane ( mol-s”! )

.thickness of membrane (cm )

diameter of the vessel (cm)
superticial gas velocity through the liquid phase ( cm-st, equals Q/vessel
cross-sectional area )

gas-free liquid volume in the vessel (cni3 )
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0] surface tension of the liguid ( dynes-cm'l )
i) viscosity of the liquid ( poise )

P density of the liquid ( g-cm™)
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Studies on Liquid Phase Butynediol Hydrogenation Reaction
in a Pdy7 Agyz Membrane Reactor

Abstract

Hydrogcnation of butynediol on Pdy7Age3 membrane catalyst was studied with
focus on catalytic activity variation with respect to catalyst life. Significant decrease in
catalyst activity was observed with longer exposure to the reaction and could be related to
some extent with the reducﬁon in membrane permeability. Possible concentration of the
reaction in a relatively small total surface could be attributed to rapid catalyst
dcactivatién. Physical transport process of hydrogen could also be combined with
hydrogen consuﬁpﬂon rate by 1‘eacti6n for better understanding of the reaction on the

membrane surface.

Keywords : butynediol hydrogenation, Pd7;Agz3 membrane, catalyst activity, catalyst

life, surface area
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Introduction -

_ Membrane reactors have good potential for hquld phase selective hydrogenation
dpphcatlou in the field of fine chemicals and phcumaceuncdls [1]. In this respect,
Karavanov and Gryaznov [2] have made s1gmflcant contribution on the hydrogenation of
| aeetylenic and ethylenic alcohols using Pd/Ru and Pd/Ni membrane csta'lysts'. For the
various reactions studied, they have highlighted the .initial rates, reaction order with
respect to the ssleU'ates and activat_ion energics. Recently Fariis and Armor 3] have
carried out liquid phase h'ydrogehation of cyclohexenes and other compounds end |
1'eponed the productivity and time on stream, which are irﬁpoﬁant factors for indusuial
apphcanon However convemmns were Tow in thelr range of study Roshan et al f4]
hdve elumdated the effect of surface state on the permeabIhty and catalyuc acuwty of
”Pd/R,u alloy membianes Catalyst hfe (total productwe hours) isa major factorfor = |
mdustnal reactions whlch also deserves attenuon w1th respect 10 membrane redctors Ttis
of plactlcal mteiest to know how a membrane would behave w1th k)ng exposure to a B
| chemical reactmn Thls could focus the key areas of m]provement for further research
Pxesehi Werk aims at thls pomt W1th lespect to the hydrogenanon of butynedlol
industrially an 1mportant reacuon PgrrAgn membranes which are commeraa]ly
available at this stage, were chosen for our work Hydrogen transport from gas to hquld
phase through a Pd77Ag23 membrane 1s already dlscussed wzth the he!p of solutlon model
in the earlier work [5]. The physmal transport processes d1sc_ussed there are combmed

with the reaction occurring on the membrane surface to get a better understanding of the

reaction,

Experimental
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“The reaction was carried out in liquid phase as shown in the experimental apparatus
used for the previous study [5]'shown in Fig. 1. Tubular pa]ladium(”l’?%)/silver(23%)
- membrane was supplied by ‘.Ms.:Tanaka Kikinzoku Co., Japan, The membrane, 10.3 mm
diameter , 41 mm effec_tivc;lcﬁgth and 0.15 mm average thickness was placed inside a
round bottom glass flask having 105 fnm diameter. The quantity of solution taken for ..
each ruﬁ was ‘ca. 400 cm>. The surface area of the membrane in contact with water came
to 13.38 cm?. The remaining part of the membranc was efféétively sealed off by
polytetraﬂuoroethyléne(PTFE) packing to ensure no by- passing of hydrogen into the
bulk gas on the water side. Pure hydrogen (99.999%) from a gas cylinder was fed to the
ﬁlembrane_inside via a mass-flow controller (MFC).Outlet hydrogen was passed through
a back pressure regulator (di_éphragm valve) and a pressure gauge to a soap bubble meter
for ﬂow—rate(STP) mcasurc_mcri.t.. On the water-side pure argon, ﬁséd as a sweep £as, was
fed via a mass-flow controller (MFC)._ To prevent water vapour carryover in the outlet
gas, a _teﬂui; condenser. wii_h chilled water at 4°C was i)laced-oﬁ the-top of the flask (at
the gas _outlet)_;‘The remaining traces of water vapour, if any, were removed in a silicagel
u;ap_ for which the silicagel was replaced from time to time with fresh one.The flow-
r;';te_:(_STP):of outlet gas containing permeated hydrogen was also measured by soap -
biibble meter. Samples of the outlet gas for GC.analysis were drawn at the same
frequency as the l_iquid samples. The ﬂaé:lt: was -Provided witha magnetic stirrer. with
variable power input, measured by a powermeter. Texhpc_r_aturc_ measurement was done by
a thermometer whereas water bath was used to achiei:é temperature control'wit_hin t1°C.
Atmospheuc pressure was also rccmdcd durmg each run. |

Hydrogen and argon inlet flow-rates were 10.15 and 9.56 cm3/m1n respectively..

Study was carried out for a temperature rangc; of 5()_‘,’;9 _9_0 °C. Concentration rangc_o_f
butyn_e_diol was chosen iln such a way so as to obtain hi'ghér’ conversions, as far as

possible.



‘Gas and liquid samples were analyzed by gas chromatography (TCD and FID
respectively) at regular intervals during a run. The focus of this study was ma'inly on the
catalyst life (with respect to the conversion of butynediol) at this stage. Hence for the
liquid samples, analy31s was concenteated on the reactant (butynedml) as well as major -

products of the reaction viz. butenediol (cis/trans isomers mixture) and butanediol. -
Results and discussion

Fig. -2(5) ‘iilu:stra:tes the % con_vei‘éion of butynediol with time under Qaﬁous .
conditions. At higher‘initiél conéentrations since thc reaction time was very .lajr.ge;
relatlvely lower concentrations were chosen for further study. The conespondmg product
_dlstnbutmn is shown in Fig. Z(b) Tt highlights that butanediol formatmn takes piacc from
almost the begmmng of the reaction. In all the further runs this trend was confirmed. The
initial reaction rate values in the pi'esent'wrk are COm}jafablc to the work reported by
Karavanov and Gryaznov {2] 'for'P_.d/Ru _l'a'nd Pd/Ni membranes. However their
Qbseﬁation that bu’tan‘édio’_l formation décixr‘rcd after 85% conversion, is not in line with
our finding;s'- Butenediol foﬁﬁ%itibn is maximum between 80.:-95%51"ange beyond which it
decreases due to reIatlvely rapld conversion to butanediol.

As discussed in the earlier work: [5] a szgmfxcant decrease in thc hydrogen flux with the

| hqmd phase on the other side, was also observed in this work, which is illustrated in fig.
3. 'Thﬁs the rate of hydrogen consumed (for reacﬁon) in this case’could be giifeh* by the -
difference between the input rate: governed by permeatmn through the membrane and the
output rate: govemed by transport throu igh the hquld phase mto the sweep gas. In |

mathematical form this could be expressed as :

.(4%k) .. (RA ey KBBOL ooy
(dt ) = (Vt_m) ( ¥PHgh - YPHgI ) -7 (PHg,t - PHgb) @

— 124 —



Effect of feed butynediol conée;;tmtion

- The initial catalytic activity of the niémbrane as é function of feed butynediol
concentratioﬁ at 50 and_?OI"C is.shown in Fig. 4 (a) and (b) respectively. No particular
trend can be seen clearly. Although the points chosen for all the curves are co_nseéutive
run data for which ‘the activity is assumed to be constant (therefore average life in terms
of cumulative hrs of reaction is taken), this basis fails to hold good. A closer look at the
data points shows that activity decreases in sequential manner for various runs. Thus
catalyst deactivation appears to be & dominant factor.
Catalyst life study

In order to make clear whether catalyst deactivation is significant, study was done
by keeping all the other parameters constant, The fc_actant.conccntrationntimc profiles at
different initial lives(cumulative reaction hours ) are illustrated in Fig.5. They confirm
that even during relatively short periods the catalyst deactivation is.‘ significant.
Fig. 6 shows the effect of témpérature on the concentration-time profiles of butynediol
during three consecutive runs, Lower activities are expected at lower temperature(50°C),
however, higher temperatare(90°C) fails to show consistent behaviour, which is also
highligﬁt@d by Farris and Aﬁnor. [31.
As discussed eaﬂiér_(Fig. '2(a) )y _sincc lower butynediol-concexitrations were re(juired_to be
chosen and since there was éigniﬁcaﬁt reduction in hydrogen flux in the presence of the
liquid phasé( Fig, 3}, the stoichiometric proportion of hydrogen 'c_ould be significantly
less thari_ butynediol on the membrane surface. Any variation in this would significantly -
affect the course of the reaction. Since hydrogen input to the membrane surface is -
governed by the membrane ﬁe’rmcability,-it was necessary to investigate the effect of
cumulative life(total reaction hours) on the membrane permeability. This effect is shown
in Fig.. 7(a) for 5(}.—90°C temperatures range. A significant decrease in the membrane
permeability with longer exposures to the reaction is observed. Greater slopes at higher

temperatures show that this effect is more pronounced at high temperatures. The
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reduction in membrane permeability could result in significant reduction in the hydrogen
concentration on the membrane surface and therefore, the rate of the reaction would be
affected. The corresponding membrane activity is illustrated in Fig. 7(b), which although
shows some deviation, confirms the definite trend of catalyst deactivation with reaction
time. Beyond about 500 hrs of operation the deactivation is significantly fast, which
resulted in very low conversions at unacceptably high reaction periods.
The effect of catalyst deactivation at 70°C reaction temperature on the product selectivity
is presented in Fig. 8(a) and (b) for two different feed concentrations. Although a definite
effect could not be observed, the results in general show better selectivity \;vith more
deactivation. This is in line with the fact that catalyst deactivation will cause reduction in
the rate of both the consecutive reactions of butynediol and butenediol hydrogénation.

It was also observed that membrane polishing with fine emery paper before taking a
run could not help improve the catalytic activity (run # 8 onwards) except probably in

only one case (Fig. 4(b), run # 7 to #8).

Liquid side hydrogen partial pressure

Eq. (1) was used to find out the estimated partial pressure (pyg 1) profile of
hydrogen on the liquid side vs. reaction rate as the reaction progresses. The observed
trend is illustrated by data from three representativc‘ runs in Fig. 9(a), (b) and (c)
respectively. Higher reaction rates result in lower hydrogen partial pressure (which
effectively is the back pressure)which is found to increase towards the end when there is
a decrease in the reaction rate, With increased deactivation however, the rise is

insignificantly small, since there is a small variation between the initial and final reaction

rates.

Comparison with reported slurry reactor performance
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Elaborate work on ‘kih_etic modeling of liquid phase buiynédiol hydrogenation
reaction in shurry reactor has been reported by Chaudhari et al. [6]. It woﬁld be of interest
to have a comparative idea about the performance of membrane vis-a-vis that of fine
catalyst, in view of further improvements. A typical comparisdn regarding this is
illustrated in Table 1. Slgmﬁcam}y h1ghe1 reaction rates (1.68 x10- 7 molfcc-s) obtained in
slurry reactor could mainly be atmbuted to very high catalyst Surface area as compared to
the membrane, Further to this, a comparison of the catalyst actlvu;y per umt surface for
both the cases mdy not be out of place. This is highlighted in item (8) of Table 1. On this
basis, the miembrane catalyst is able to show miuch higher activity (0.604 vis-a-vis 1.96 x
10-4 mol/m2-hr) than the fine catralyét, Even after exposure for 531 hours when there is
found to be a significant decrease in membrane activity, the value (0.017 mol/m2-hr)

obtained at this stage is substantially higher than that for the fine catalyst,

Thus it appears that the present reaction might be taking place on a highly active
batalyst concentrated in a small surface. Although higher surface areas by increasing the
membrane size would help, they would not possibly be economically attractive for a |
noble metal like palladium. Use of large amount of inert surface with thc active
membrane catalyst (also ina developmg stage to thls datc) appears to be one of the
prormsmg alternatives to 1mprovc thc catalytlc act1v1ty in the liquid phase rcacuon Rapid
catalyst deacuvatlon in the plesent case could be atmbuted to a very. actwe catalyst
confined to a small surfa(,c, in contact with a compound contammg hlghly reactive triple
bond for &gn:ﬁcantly long pel 1od Thc undesncd 1cact10n products could also remain
concentrdted on the membx ane surface and would cnhance the deactwatlon p1ocess
' szgmﬁcamly Thc cIabmate su1face treatment techmques [4] could help i in restoring the

catalytlc actlvny, hOWCVCl theu paactlcal feasibility is also to be cons1deled Use of lar ge

inert surface with actwc membiane catdlyst in general could posmbiy heIp distribute the
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reaction more ¢venly and it remains to be seen whether this could result in better catalyst

life,

Conclusion

Butynediol hydrogenation over a Pd7yAgys membrane catalytic reactor was found

to be marked by rapid catalyst deactivation. Significant decrease in membrane

permeability was also observed with exposure to reaction. The likely cause for the

catalyst deactivation could be limited surface area availability for the membrane whereby

the undesired products of the reaction also remain concéntrated on the relatively small

membrane surface and possibly affect the catalyst activity.

List of symbols

A membrane area (cm2 )

{d—((i:—té) rate of butynediol conversion { mol-cm-3-s-1)

{ggtﬂ) rate of reaction for hydrogen ( mol-cm3-5-1)

H Henry's constant { atm-mol *-cm? );

J Flux through the membrane ( = Q/A, mol-cm’z-s’l)

kjag  volumetric overall gas-liquid mass transfer coefficient (s -1 )

PHgh  partial pressure of hydrogen on the hydrogen-side of the membrane ( étm)

PHg,1  partial pressure of hydrogen on the water side of the membrane ( atm )

pHgb  partial pressure of hydrogen in the bulk gas ( argon/hydrogen } on water side
of the membrane ( atm )

p membrane permeability for hydrogen gas (mol~s'l-cm'l-atm"o'5 )

Q hydrogen permeation rate through the membrane ( mol-s"! )
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(-ra)  rate of reaction with respect to butynediol ( mol-om=3-s1)
tm thickness of membrane ( cm)

v gas-free liquid volume in the vessel (cm®)
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Fig9

List of Figures

Experimental apparatus for liquid phase butynediol hydrogenation study on a
Pdy7Ag23 membrane reactor,

(a) Butynediol % conversion vs, reaction time under different conditions.

(b) % Product distribution vs. reaction time for the above casc.

Variation of hydrogen permeation rate through the membrane with reaction
time (initial rate at t=0 corresponds to the gas phase permeation rate).
Variation of the membrane catalytic activity (initial) with butynediol feed
concentration at (a) 50°C and (b) 70°C respectively.

Effect of catalyst deactivation on concentration-time profile of butynediel.
Temperatare effect on the concentration-time profile of butynediol.

(a) Membrane permeability variation for different temperatures with exposure
to reaction.

(b) Membrane catalytic activity (initial) variation with membrane life
(reaction hours),

Effect of catalyst deactivation (at 70°C reaction temperature} on % selectivity
of butenediol and butanediol for (a) 0.05 %w feed and (b} 0.10 %w feed
butynediol.

Estimated hydrogen partial pressure profile (ppg 1) as a function of reaction
rate with the progress of reaction for (a) new membrane (b) membrane with

228 hus life and (c) membrane with 469 hrs life.
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Table 1 Range of parameters from reported literatute for slury reactor and those for the PdyyAgas

membrane for the hydrogenation of butynediol.

S.N. Item Literature {6} Present work
1 Catalyst type 0.2% Pd/C Pdy7Ag23 membrane
2 Reaction temperature [°C|] - 40 (313°K) 50
3 Hydrogen pressure [atm]. about 35 - about 1
(3.54 x 103 kPa)
4 Catalyst surface area [m2/g] 770 : 5.82 x 104
(7.70 x 105 m%/kg)
5 Butynediol concentration [mol/cc]  1.20x 103 1.16 x 104
(initial) (1.20 kmol/m3) (new membrane)
6 Initial reaction rate, ' about 1.68 x 10-7 590 x10-10
[mol/cc-s] (1.68 x 104 kmol/m3-s) (riew membrane)
7 Catalyst loading [g/cc solution] 4% 1073 5.80 x 10-3
(4 kg/m?)
8 Initial catalyst activity about 1.96 x 104 0.604
[mol/m2-hr] : : (1.96 x 1077 (new membrane)

kmol/m?2-hr)
9 Catalyst activity after - ~ 0.017
reaction exposure for 531 hrs, (used membrane)

[mol/m?2-hr)
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Fig. 2 (a) Butynediol. % conversion vs, reaction time under different conditions.

(b) % Product distibution vs. reaction time for the above case.
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Fig. 3 ‘Variation of hydrogen permeation rate through the membrane with re‘_action

time (initial rate at t=0 corresponds to the gas phase permeation raie).
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Abstract,

The phosphate .coﬁtained .synthéfic wastewaters were trgaﬁed. by
immobi1ized of Poly :t'v_iny; Ackol),: PVA and Poly(Acrylanide), PAA using
of activated slﬁdges undgr various conditions.

In this éxPerment, as the foilowing results were found :

1 Thé actiVated sludges showed removal effiéiency of TOC ahd phospﬁate
at 84, 66% fespeotivg}yr'ﬁy'the sequencing -batch._reactor for Ié.days
“éultivation, | |
. 2) PVA i@mobilized activated siudges showed high removal efficiéncy‘ of
TOC at 94% comparébje the actiQated sludges in'a batch test.
3) For PAA immobilized activated sludges, the concentration of acryl-
| anide had.effected 0n't_he' cell growth, so we inve_stigétéd “that 6ptimal
concentration of acry]amidéiwa$}15%‘in'a'batch’teS£s. -after using of
sequencihg bétch reaptor. The phosphate contained synthetic‘wastéwaterS'
vere treated as-folloﬁiﬁéi Uﬁdeb the'anaefobic dbnditibﬁsy'TOC-femoval_
efficiency showed to 82.4% ~at the'saﬁé.tiﬁe’pHoSphéte wés-reléé§éa to
21.8'%.. ..Af'terwards undér ‘the aero!;§§ .com‘?lition.s,. T0C ‘and ‘Phosphate were

removed at the efficiency of 53,30 % respectively for 15 days.
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Introduction

e

Advnancd biocatalytic systems using immobilized cells Bave po&entialé.
ufﬁlity in'Vafioué biopfddessiné séhemeé'and.for biochemicalé'and.medicai
bufpdéés[ij;: ﬁbwilmmobilizafién micrédrganiéhs.hévé éésééséd f&r Qéter
purification but not so havé.ﬁeényeffeéfivély .developéd on ﬁetﬁodérbf
immobiiization for the wastewater treatments [2];'théref0ré we are fiﬁ&f
ing moreééfféctivé imnobj lized methods for wastevater systems,

Recently immobilized cell wastewater treatment proéesses’hé§e-éttracted
much éttehﬁibn;bécaﬁse of'théir'mahy advantages such as easy.éolid separ-
ation, high microorganisas conteﬁt and thé.prevention of microorganisms'
wash out.fE]

This technology was classified ?ﬁto.the'following thfee categories:

(a) The bind of immobilized method

A method in which wicroorganisms were immﬁﬁiiized as biloogical silimé on

the surface of Qariers made of activated carbon, ceramics,or other materials.
(1) The entrap of fmmobilized sethod

A meﬁhod in whi&h the microorganisms were jrimobilized by being entrapped

in hydfqphobic ggi of photo;crossiinked polymer, polyacrylamide , polyvinyl-

achol and some other materials.
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(C) The self of 1mmosllized metho&s
A method in which the microorganisms were fof‘med by using their own coag-
ulatipn.préperity.{3l
Amoung of these, the gptrapmeﬁts metppds h§ve type 9? the polymerizaton,
which was based on the inclusiqn of cglls within‘ 8 rigid.neﬁwéfk to_preyent
the cells_frqm diffussing into _Surrounding medium,1 while sﬁi&l a}lqwing.
péneﬁratign 0f=subatrate.[4] ::
In this study,lCo@ﬁaring_of §qmmon éctivgted sludges _with_ Innobilized
activai?ed sl_nges of PQIy (Vinﬂ Ap:hdl), 'PVA_' and Poly (Acrylamide), PAA
'undet vg?ious.reacﬁqr CQnditjan, Phgsphate cqntained SYnthgticgwaétewaters

were treated.
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‘2. - . Experimental

é“lf The observation.of T0C removal effiéiency comparing acfivated

sludges with PVA immobilized of activated sludges in a batch test.

- Activated siudges-were-culfured' by Microbial Population Dy-namics
laboratory at_ National Institute Rioscience and Human Techﬁology'in
Japan, The ééﬁivaied sludges were acclimatized in laboratorvy for
one month, for increasing activity .. These activated sludges were cent-
rifugéd at 8000 RPM and afterwards washed and fed to a 100ml of messcy-
linder. The activated sludges with mixed liquor suspended solids (MLSS)
of 12500 ﬁg/l concentration were used for 24 hours. Table 1. showed the

conmpositon of synthetic wastewater,

“Table 1. Composion of svnthetic wastewater ( TOC: 620mg/L )

Component, _ mg/ 1
CH3COOH 1050
" Peptone 460
KH2POg 106
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The Po!y(vi.nylalcohol) (PYA) provided from company of Japan petroleun
purification, with HLSS of 12500 ne/! used for bateh test.

Fig.1. - showed the methods . of‘ PVA- immobilization activated s.tudges'.

In comparing activated sludges with PQA immobilizatibn:of éctivated
sludges, The removal of TOC:eff'iciency.ahd the variation of pH were

investigated.
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Concentrated
Activated Sludges
{150 g/l)

PVA — Aqueous
Solution
{18%)

Mixing

(Weight Ratio of 1:1)

~Cutting of Gel

Washing

{Aeration}

Freezing

(—20°C for 24 Hoursg)

Keeping

{4°C for 48 Hours)

Fig. 1. Preparation of immobilized activated sludges

by PVA freezing methods,
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2-2. The characteristics of éctiVated sludges by sequencing batch
. reactor. |

.The actiﬁated slh&ges vere taken from Tokyo Universitytof ufban eﬁgin~
eering iéboratéry which'wgs.conﬁaiﬁed 4,87%/ g dry weight 6f phoéphofus
concentration,

This reactor have the fill and draw syster consist of a working vol-
uge 1.5 .. Pumps,air 3nd nitrogen gas were confrolled by Qigital'clocks.

The reactor contained 'iOOOral é;ct;i\?été:d éh}dges. oﬁerated_ in 4 cycles
a day with four distinct périodé namgly.;naerabie. aercbic, settling,
withdraw zone, The _tab]e 2,3 shoﬁed' the Compdsition of synthetic

wastewater and reactor system, Fig.2. also showed éxpermental apparaﬁus.

Table 2, Composition of synthetic - wastewate,.

Component  mg/l*
CHsCOOH - 756
Peptone 345

KHzPO4 ... - 159

% ¢ Unit was mg/l in'tap water (TOC: 450 mg/l, P: 36 mg/l) -
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Table 3. The sequencing batch reactor(1) systenm.

Conditions

Tine

Tap.wafér addition
Substrate addition
Anaerobic state
Aerobic’ stste
Settling

withdraw;

% TOC loading rate

2 min 15 sec

"30 sec

60 min

233 min:

60 min

4 pin 14 zec
P Q.42 g ToC/day -1




N2

T

control

substrate feeding

il

il

A\

withdraw

V:1.5!

Fig.2, Schematic .Represenation of the Sequencing Batch Rector(1).



2-3 Removal of T0C and Phoéphate vsing jmiobilized Poly(Acrylamide),
PAA of activated éludgeé in a sequencing batch reactor.

The activaﬁed sludges weré.immobilized by the PAA, which was contained
8.0 %/ g dry weight of phoséhﬁrgs concentration. These activated sludges
were cultured for 1 'year by Chuo university at Tokyo in Japan.

Table 4, showed the co@positions of the synthetié wastewater,

With the changes of e;cr‘ylamide concentrations ( 7.5, 10, 12.5, 15,18%)
tried to inmobilize the éctivéted sludges and fo&hd to optimal mononer
concentrations. The Fig.3. showed PAA inmobilized of activated sludges.

The objectivé of . this expérment was to remove thé TOC and Phospﬁate.

.In th;s system, the reactor. used seﬁuencing batch reactor(SBR). which
called the fill and dréw systep consisted qf wokihg volﬁme 0.3L., It was
contained 50 ml of PAA immobilizéd adtivatéd sludges with SCOOmg/] of
MLSS. This systém opefatea in 3 cycles a day, with three distinct conse~
cutive periods.: fi%st.gﬁ aerobic'perioﬁ. thén'én aeﬁqbic period and
finally withdraw ﬁeriod. As fbllowiﬁg the table 5. aﬁd Fig.4. showed the

reactor system.
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~Table 4, - The compositions of synthetic wasteater.

Component mg/1*
CHaCOOH 1650
Pe?toﬁe | - '..?OO.
CYeast extract - - . . 450
KHoPO: 660
CaClz-2He0 250
Nacl .. S 500
MgS04+ 7HO | 1000

"+ .. Table 5. The sequencing:batch'reactof (2) s§stem.

Conditions _ Time
~Tap water addition . E .. ‘2 min
Substrate addition 30 sec
-Anaerobic state < 177 nin 30 séc
Aerobic stste B 297 min
withdraw 3 minl

% TO0 loading rate : 0. 23 g TOC/1-day
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Making of solution

Acrylanide (15%)
(o N,N'— methylene ~bis-acrylamide (1%)
N, N, N, N ~Tetramethyl-ethylenediamine
(0.5%)

L Activated sludges

{—————— Potassium persulfate (0.25%)

Cooling in water bath

Making of shape

(Polymerization)

Cutting of gel

Fig.3. Preparation of immobilized activated sludge

by PAA method,
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Fig.4. Schematic Represenation of the' Sequencing Batch Rector (2).
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2-4  Anaysis

Total Oréanic.Carbqn(TUC) was measured by a TOC aralyzer (shimadzu-
TOC-500). Phosphate wae determined by the ascrobic acid method [11].

Total phosphorous in activated sludges wés measured after digestipn in
a migture of sulfuric and nitric acid [12], The mixed_liqudr suspended
solid of activated_sludée was determined by the standard method {11].

Totél Fhospﬁorus of activated-sludg¢ entraﬁped in acrylanide gel was

determined by the same method [12] 3s above after homogenizing by mixer,
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Results and Discussion

3-1. Couparsion for removal TOC by PVA imﬁobilizéd'of ‘activated
sludges vs. activaﬁéd sludges.

 The Fig;s.' showed  the removal of TOC and the ..var-.ia'tion of pH
for the 24 hours of aefation,iatlﬁhé roQ rate _of 0.5 I/min-. in a bat-
ch test. In 1 hour aerobic conditions, the rémoVél of Tﬁé'efficiency'Sh—
oﬁed at 51,8 % éﬁé aftefWards. rapidly increased ﬁntil- 12 hours, Af-
ter 12 hours of aerobic cohditioﬁs,'thé variation of T0C showed étééd&
state remarkably and pH was-also'staﬁlé at 8.8.

The removal of'TOC optimal reaction.time came to 12 hours and
showed the high removal. efficiency to 93 %, We found that fOC'was easi-
Iy removed by aefobic conditions.

Fing. showed . the changés of TOC and pH, during 24 hours in
aerobic conditions at the flow rate of 0.5 l/min . After 12 hours of
treat@ents, the variation of TOC  and pH indicated stable state,

As Shown Fig.7., 'Comparsion of activated sludges with PVA
immobilization of activated slﬁdges unti] 4 Héurs of aeration time
activated .sludges showed higher TOC removal efficiency; than PVA

immobilization of activated Sludges. But after 12 hoﬁrs of aeration
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TOC(mg/D

700 10.0
¢ 195
600 |-
| 49.0
500 g
. 185
400 H
W ——@— TOCmg) 180
I ﬁ-{
300 . -
| 175
oA
200 F 1
47.0
or 165
oLl b i g
o0 6 12 .18 24 30
Time(hr)

Inital TOC : 625 mg/1

Fig. 5. The. changes of TOC and pH by

- the activated sludges in a batch test.
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TOC{mg/1)

700 ' 10.0
195
600 |
49.0
500 f
185
400
18.0
300 TOC(mg/1)
pH .
475
200
47.0
100
165
0 M L. 3 i r } L 1 " 6 0
0 6 12 18 24 30

Time(hr)
Inital TOC : 625 mg/1

Fig. 6. The changes of TOC and pH by PVA
immobilized sludges in a batch test.
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hg 7. Removal of TOC compared PVA immo-
 bilized sludges with activated sludges.
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time,the PYA immobilized activated sludges showed TOC renoval efficiency

comparable to activated sludges and indicated the maximum TOC removal ef-

Ficlency to 94%.

3-2, The_charécteristlcs of activated sludges in-éequencing
batch reactor.

The objective of this experiment was to increase the ﬁhéspﬂate contents
in the éctivated sludges By the'sequénoeiﬁg batch reactb;(SBR). SBR was
periodicélly filled and drawed system for the enhéﬁgéa 'bioiogicak
phosphate removal under ﬁhe aerobic and anaerébiq conditioné [51; This
reactor performed vgpyeffgciiveiy,.bgt it took sébeféliuééks'téfreach
steady state (6]. SBR:was developed in the 1976'3 by.vaine [7] as an
alternative to the continuous flow activated s}udge tecﬁno}ogy.

Anaer&bic and aerohic cqﬁditions were prgﬁidéd in aff%me sequence in
order t§ sfréss_micfobial population and;enrichment'of:microorgahiSms
capable of phosphate accﬁmulation (61,

Fig.S.:showed ﬁh;t'the.reéoéal.éf.TOC:;ﬁd phosphate into ~a fill and
draw systems;=Thé removal efgiciency 653“Ttt Aﬁa.phoéphgt; .ghowed 84.0,
66% respe&tiVély for ié_da?é_cuiéi?afion. As’ shown jn thé.Fig.Q. the

MLSS incerased éréduglly _frﬁh_ZBSS_to gZGd'mg/Il;
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Fig. 8. The changes of TOC and Phosphate
" by SBR for 14 days. * -
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3000
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0
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' Time(day)

—@— MLSS(mgA)
Fig. 9. The changes of MLSS in the SBR.

— 164 —



Fig. 10, observed the change of phosphate content in activated sludges,
The inital total concentration of phosphorus was 4.87 %/g dry weight,
but after the 14 days, it decreased to 2.61 %Z. The most likely reason for
this seems-to be the lower activity of activated sludges since they were
kept in the refrigerator for a few month. We needed more to acclimatize
for cell growth and also found that some of bacteria grew up but these

of bacteria had a little influence on the phosphate uptake,
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Total Phosphorus ( %/ g dry weight) =~

0 1 5 7 12 15
' ‘Time(day) .'Tm_a_i P(%/9)

| Fig. 10 The chéinges of :Total Pho'sph'orus in

the activated sludges by SBR.
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3~3 Removal of TOC and Phosphate using immobilized Poly(Acrylamide),

(PAA) activated sludges in a sequencing batch reactor,

For the preparation of immobilized activated sludge beads by the PAA
method, the acrvlamide concentration is the most important factor,

Moronomeric acrylamide exerts the strongest inhibiting effect on
microorganisms and especially gram negative bacteria easily died.{2,8]

The toxic effect of acrviamide on microorganisms caused the following:
blocking of cell division, elongation of cells, inhibition of nucleic
acid synthesis,decrease in osmotic stability and uwitrastrustural changes
in outer membranes [9,10] .

Five PAA activated sludge mixtures with different acrvianide concentr—
ations (7.5,10,12,15, and 18 %) were prepared. Bead formation and gel
strength were examined (Table 6.). From these results, it was clear that
gel strength of immobilized activated beads above 15% PA4A concentration
and bead forma?ion became impossible below 10% PAA concentration.

At the 10 and 12.5%-of Acrylanide, immobilized activated sludges were

weaken and easily dispersed, In 15 % and 18 % of acrylamide, the shape

of gels elastics was stable for the activated sludges.
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Table 6. Relationship between acrylamide concentration, formation of

beads, and gel strength.

Acrylamide Formation of Gel strength
Concentration® (%) beads
7.5 dispersed no gel formation
10.0 dispersed no_gel formation
12.5 good | weak
15.0 good strong
18.0 good -strong

a  Weight percentage of PAA after mixing PAA aqueous solution and

concentrated activated sludge.

As shown Fig.1l, in a batch test, The concentration of TOC and phosphéte
were 170 ng/i, 15 mg/] respectively and contained high MLSS of 10,000mg/1.
At the 15% of acrylamide , TOC increased untll 4 hours, compared with
18 % of acrylamide , but after 4 hours, decreased remarkably. In higher
concentration of 18 % acrylamide, the TOC continuously lncreased for 24

hours by aerobic conditioﬁs.
We found that 15% of acrylamide was more better than 18 % éf

acrvlanide for PAA immobilization method.
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260 |
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Tim‘e (hr)
Initai TOC 170 mg/1

. F1g 11 The changes of TOC between 15% of

= acrylaxmde and 18 % of acrylamlde
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Fig. 12 The changes of TOC and Phosphate
by PAA immobilized sludge in a batch test.
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Fig,13. showed that the variaﬁions of TOC and Phosphatg according to
the change thé'conditiops. The first conditions which was anaercbic
state supply of the nitrogen gas, ‘where the phosphate released at the
concentrations of 25.3mg/1'and TOC increased at the conceptrations of
212 mg/l . Afterwérds under the aerobie cbnditions, 'fUC ana phosphate
removat'efficienéy showed at 73,15 % respective]y.

The phosﬁhate' and TOC réhoval efficiency ~ showed _phat activated
sludges were damaged due to higher.éCrylamide content and needed more
adaption for déll growth.

Fig.14. showed the changes of TOC and'phosphate concentréfion using the

PAA—immobilized.éctivated sludges ‘beads by the seque;cing batch reacror.

During 8 hours of .the oyc]ég under‘fhe anaerobiciand aerobic condit-

'iﬁﬁs, phosphate Qas re}eaéédﬂbéhtinuously but TOC 'removal efficiency
was at 61% by - aerobic con&itiqns;'

As shown Fig.lé. TOC was slightly deéreased in spité;bf-releasing phos-
phate by the.aﬁaéfoblc conditions. 'But afterwards TOC rapidly decreased
and éhowed at '?é %‘ TOC removal efficiency by the aerobic conditions.

hs shown- Fig,16. ﬁﬁder the anaérbbig ;onditionslphosphate was rele-
ased at 13.6 ng/t.--and TOC decreased §f120.9 mg/1. In the same cyvcle
_under"the'aérobib éoh@ifiéqs,lTQC'was aIMO§§ _révaéd at\7.6 ﬁg/i and

uptaken the 24% bf;phosphate in the PAA ihmobiliZed activated sludges.
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under the asrobic conditions, TOC was almost removed at 7.6 mg/l  and
uptaken the 24% of phosphate in the PAA immobilized activated sludges.

For increasing the removal efficiency of TOC and pheoaphate, we
acclimatized the PAA immobilized activated sludges for 10 days and
found as the following results.

As shown Fig,17, and Tig.18., TOC removal efficiehcy showed at 72,
75 % respectively and Phosphate uptake at 23, 24 % respectively,

As shown Fig.19. under the anaerobic conditions TOC was removed at
82.4% at the same time phosphate was released at 21.6% Afterwards under
the aerobic conditions TOC and phosphate were reméved at efficiency of
53.0, 30.3 % respectively. It was known that both anaercbic and aercbic
conditions by alternative cycles showed the removal of phosphate in the
activated sludges [13,14]. but PAA immobilized of activéted sludges took
a long time to remove the phosphate, becaus; some of:bacteria inhibited
on cell growth during the polymerization,

In this systm,total phosphorus content increased in 2 gel from 40 mg p/
dry weight to 55 mg P/g dry weight,

It was found that PAA immoblized of activated sludges had a capability
uptake and release for phosphate by the repetition of snaerobic and

aerobic conditions .
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CHEMICAL CHARACTERIZATION OF A TITANIA
MODIFIED CoMo/Al, 0y CATALYST

Juan Florencio Gonzalez Mateos

ABRSTRACT

An alumina carrier was modified through impregnation with
titania to support a CoMo catalyst. The performance of the catalyst
was evaluated using two model test reactions: Hydrocracking of
diphenyl-methane and hydrodesulfurization of dibenzothiophene. The
hydrodesulfurization activity of the catalyst was enhanced by the
addition of titania, although it was observed that the preparation
method had a notable influence on it.

INTRODUCTION

The purpose of this research was the development of a
catalyst for deep hydrodesulfurization (HDS) of straight
range gas oil (SRGO}. Future environmental regulations will
be more stringent regarding sulfur content in diesel.
Therefore, active research must be conducted to meet those
regulations while keeping the economy of the
hydrodesulfurization process.

Bt least three different approaches are possible when
dealing with the improvement of a chemical reaction process:

a) A "thermodynamics" approach,

b) a "kinetics" approach, and
c) a “process design" approach.
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The “thermodynamios“ approach has to do with the
convenient selection of temperature and pressure for the
chemlcal reaction. The "kinetics” approach has to do with
the. appllcatlon of a convenient catalyst to enhance the
chemlcal reaction under relatlvely mild thermodynamic
conditions, The '“pIOCess design" approach concerns the
development of a strategy to optimize the process. For
instance, in dealing with a complex reaction a two-step
strategy might affoxd better selectivity than a single step
one. Although the global.'process design must include all
these £hree approachee, perhaps the development of a good
catalyst deserves the first priority, for it Wlll save
costs. |

So far, the HDS process has been accompllshed by means
of a CoMo/A1203 catalyst. Using thlS catalyst more severe
reactlon condltlons can lead to hlgher conver91ons in HDS,
put it mlght also have unde31rable effects on the
seleo£i§1ty. So, the 1mppovement of this atalyst is
necessary. o

~The amelloratlon' of a catalyst' can be attempted
follow1ng dlfferent methodologles. The reqearoher may focus
his attentlon. on the active phase of the catalyst, on a
'sultable promoter or on the carrier.

Regardlng the carrler 1t is known that a hlghly a01dlc
support (e. g.,' zeollte) enhances the HDS reactlon . of
stralght _:un gas 1oil;' albeit the hydrocracking (HYC).
act1v1ty of the catalyst 15 too hlgh (1991, Yoshimura Y. et
al{l}}). Stralght' run  gas = oil _;contalns - dialkyl-
dlbenzothlophenes (DDBT), whlch are hard to desulfurize. A
sterlc hindrance arlslng from the alkyl radicals might
explaln the . "hardness" of such species (1979, Gates B. et
al.), and, at the same time, the activity of the catalysts
supported on zeolite,
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Another carrier that has received attention is titania,
which has a better effect than alumina upon the activity of
MoS, on the HDS of dibenzothiophene (DBT) (1988, Shimada H.
et al.). Although these results cannot be simply
extrapolated to the HDS of straight run gas oil, the HDS of
this model compound might serve as én indication of the

catalyst performance in such reaction.

On the other hand, 1t is known that‘ an Al,;0;-TiC, mixed
oxide has a stronger acidiﬁy than alumina or titania alone
(1870, Tanabe X.). This fact and the good gqualities of
alumina and titania as MoS, carriers seemed 'promising. Foxr
this research it was thought that the impregnation of an
alumina carrier with a titanium alkoxide solution would
result in an improved carrier. Two effects were expected:
the increase in the surface acidity of the carrier, and a
favorable modification on its surface morphology. The higher
acidity was expected as a result of the formation of an
Al,03~Ti0; mixed oxide. The modification of the surface
morphology was expected as a result of the deposition of
Ti0, micro-aggregates onto the alumina surface. The first
effect should promote a dealkylatlon or at least an alkyl-
shift reaction that would ellmlnate the hindrance in the
"hard" species. Regarding the second effect, if the size of
the MoS, crystallites were comparable to the size of the
"hard" species, their position or orientation on the carrier
surface would play an dimportant role. The Tio'z micro-
aggregates (if they were sufficiently small as well) might
favor an advantageous orientation of the MoS; crystallites
and facilitate their access towards the sulfur atom in the
"hard" species. Although no direct characterization of those
possible effects was made, the catalytic activity of the
resulting CoMo/Al1,0;~Ti0, catalyst was studied. This report

shows the results of this research.
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EXPERIMENTAL SECTION

MATERIALS

- The alumina used in this work was commer01al gamma-~
alumlna with a surface area of 200 m2/q and a pore diameter
of 120, A. Titanium tetrawlsopropox1de and tetralln were
purchased from Nacaldi  Tesque; acetic acid was from Koso
Chemical Co.; aluminium tri-sec~butoxide was from Kanto
Chemical Co., and 2-propanol from Wako Pure cChemical Ind,
All the reagents werc used as received.

PREPARATION OF ‘THE CARRIERS

Two sets of carriers  were prepared by impregnating
alumina pellets with a Ti(OR)x(OH)m«‘sol solution. For' the
first set of carriers, an 1n01plent wetness 1mpregnatlon
nmthod was used (Method I) The 1mpregnat1ng solution was
prepared as follows. titanium tétra~isopropoxide was
dissolved in isopropanol. Then, an aliquot of acetic acid
was. added to produce water through an esterification
reaction with isopropanol. The water produced through this
reaction hydrolyzes +the alkoxide slowly ‘and does' not
precipitate the hydroxide.

For the second set, a 24 hour period of aging into the
impregnating sol was allowed (Method II). Two solvents were
used for ‘this method: isopropanol and tetralin. Both
impre@natinq solutions contained the reagents for the

esterification reaction.

After the impregnation, the pellets were dried and then
‘calcined -at 500 °C for three hours. o
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PREPARATION OF THE CATALYSTS

the carriers were impregnated with an agueous solution
of citric acid containing the appropriate amount of the
active metals (1991, Yoshimura Y. et al') The  impregnation
was accompllshed by an incipient wetness method, Then, the
pellets were drled at 120°C for two hours, and calecined at
500°C for three houts. _After this stage, these precursors
contain 4 % of Co0 and 15.5 % of MoO;,

To get the catalysts, the preéursors were presulfided
at 400 °C for two hours using a mixture of HyS (5%) and H;

(35%).

From now on, the datalysts supported on the carriers
prepared by method I will be named "catalysts A", and their
precursors,‘"precursors A" those supported on. the carriers
obtained through method II w1ll be namea "catalysts B",. and
their precursors, "precursors.B". The term "titania 1oad1ng“
refers to the;weight'percent.of_tltanla in the carrier.

CHARACTERIZATION TECHNIQUES
SURFACE AREA AND PORE VOLUME DETERMINATION

The surface area and pore volume of the precursoxs'were
determined by nitrogen phy81sorptlon using a Carlo Erba 1800
sorbtometer.

CATALYTIC TESTS
Two model test reactions. were performed: :hydrocracking
of diphenyl-methane (DPM) and hydrodesulfurization of

dibenzo-thiophene (DBT). For both reactions a 50 ml batch
micro-reactor was used. An electric furnace provided the
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necessary heat for the tests, This furnace had four holes to
réceive a reacﬁor each.'Then, fcur reactions could be run
simultaneously. The reactions were conducted as follows: The
reactors were filled with the 11qu1d feed and the catalyst;
“then the air was removed from them by purging them with
hydrogen. The reactors were charged: with hydrdgen' to the
required pressure; theﬁ, they were set into the furnace to
be rapidly heated up to the reaction temperature. The
reaction temperature was reached within a period of 10
minutes. When the reactiéh finished, the reactors were
removed from the furnace rapldly and cooled down with a
plade fan. Table I contains the reaction conditions. Product
samples'were analyzed by gas chromatography using a Shimadzu
Chromatographer GC-9A.

' Reactlon Condltlons ' HYC of DPM . HDS of DBT

Charglng pressure (Kg/cm2) - 70 : 70

at room temperature

__Temperature (°C) | 400 300

Feed volume'(nﬂ) 10 (DPM). . 10 (95% ¢1g, 5% DBT)
Catalyst amount (g) 0.3 0.3
Reaction time (h) 1 !

‘Table I. Reaction conditions for the model test reactions.

'RESULTS

_ Pable II shows the surface area and pore volume of the
precursors A. The pore volunme gserves as an indication of the
titdnia-loading.'Thé:maximum=loss in surface area due to the
impregnation with titania is 18 %.
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fibz loading - Surface area Pore volume Apyerage pore
(wt. %) - (m?/q) (ecc/g) diameter {A)
0 | 182 0.673 148
1 170 0.630 _ 148
4 b 161 0.581 1 144
8 158 0,558 o 1m
12 130 _0.527 | 162
16 | 150 0.517 | 138

a4 Calculated from pore volume (Vp) and Surface area (q) accordlng to
the following equation: d.=. 4Vp/S :

Table II.'Surfacé'aréa and pOre Volume of the'precursors A.

Table III shows the same data for the precursors B. The
“equlvalent TiO; concentraticon" of the 1mpregnatlng solutlon
‘appears in the first column. This "equlvalent concentration®
is the TiO, 1oad1ng_that an 1n01plentfwetness 1mpregnat10n
method would have produced by using such solutions.
,Accordingzto‘the pofe-volume'results, it seems that the TiO,

loading was lower than expected.

=;302 loading | Solvent used ' | o Average pore
(wk. %) for aging Surface area | Pore volume | diameter (A)
- (m%/q) (ce/g) -
4 IPrOH 158 _0.603 153 |
4 Tetralin 167 0.608 146 H
8 IPrOH 154 0.579 | 150
8 Tetralin | 164 | .0.581 | 142

.8 Caleulated from pore volume (Vp) and Surface area (8) accordlng to
the following equatlon d = 4vp/s . .

Table III, Surface area and pore volume of precursors B.

Tables IV and V show the results ‘obtained from the
hydrocracking (HYC) of DPM. The products of the HYC reaction
are benzene and toluene. There is also an important amount
of beﬁzylcyclohexane, which 1s a product of a paralliel
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hydrogenétion

inoreases.

titania loading increases.
'HYC activity up to an 8% titania loading.
- almost - the

activity

preparation.
compared more easily in figqure 1,

remains

reaction (HYD).
and then a decrease in HYC activity as the titania loading

its HYD activity decreases as
Catalysts B have an increasing
their HYD
-This
behavior is independent of the solvent used during their
A and B can be
where their HYC and HYD

-On ~the contrary,

The - behavior of catalysts

same

However,

this range.

Catalysts A show an increase

activities are represented . through a column diagram.

TiO, (wt %) Conversion Benzene + agyp buve/avn
{%) Toluene
0(M1) 39,3 29.7 .
4¢M2) 46 38,0
12(M3) 44 36.7 . .
16 {M4) - 43 35.4 . .
.a Production of benzylcyclohéxane
b Ratio between (Benzene + Toluene) and benzylcyclohexane
Table IV. Hydrocracking and - hydrogenation activity
catalysts A. * | | '
Ti0g (wt %) Conversion Benzene + - HYD HYC/E&D
. (%} Toluene .
a4 (M5) 40.6 29.0
ba(M7) _40.3 28.3
48 (M6) 44.2 - _32.5
bg (M8) 42,7 31.5 . .
"® Carrier aged in isopropancl
P Carrier aged in ‘tetralin
“Table : V. Hydrocracking and ' hydrogenation activity

catalysts B.
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Pables VI and VII show the HDS activity of catalysts A
and B, respectively. Two paths are possible for the HDS of
DBT. In the first one, DBT is directly desulfurized,
producing byphenyl, which can be further hydr(’)genated to
produce cyclohexylbenzene. In the second path, one of the
benzene rings of DBT is hydrogenated and .the  product 1is
rapidly desulfurized to produce cyclohexylbenzene as well
(1979, Gates B. et al.). Accordingly, byphenyl -and
cyclohexylbenzene are the main products . of this complex
reaction. Catalysts A show a decreasing HDS activity as
titania loading increases. On the other hand, while those
catalysts B whose carriers were aged in isopropancl, do not
suffer any alteration on their HDS activity 'in spite of
their 'titania conteht: those whose ca‘ﬁriers were aged in
tetralin show an increasing HDS activity as their titania
loading increases. Figure 2 serves as an easy reference to
compare the behavior of all catalysts A and B.

Ti0, Loading Conversion Biphenyl {B) Cyclohexyl- '~ B/CHB
(wt. %) (%) (%) benzene
_ (CHB) (%)
0(M1) " 33.2 23,3 : 9.9 2.4
4(M2) 32.1 20.3 11.7 1.7
12{M3) 30.3 18.8 11.4 1.6
16§M41=_) 30.3 18.7 11.5 1.6

Table VI. Hydrodesulfurization activity of catalysts A.

Ti0, Loading | Conversion [ Biphenyl (B) | Cyclohexyl- B/CHB

(wt. %) | (%) (%) . (ggg;e?g)

24 (M5) 33.4 22.1 11.7 1.9
b4 (47) 38 26.1 12.5 B
agme) - | - 33 21,0 11.8 1.8
bg (18) 42 29.3 12.6 '

8 Carrier aged in isopropancol
b carrier aged in tetralin

Table VII. Hydrodesulfurization activity of catalysts B.
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DISCUSSION

The results presented above are complex. Unfortunately,
no other characterization technigues, besides the chemical
tests, were utilized. It is difficult +to clarify the
observed phenomena on the basis of the catalytic performance
alone. However, an effort will be made to explain the
observed changes. To do that, further kinetic information
will be presented and some assumptions will be made. The
assessment of the strength or weakness of those assumptions
requires further experimental study, but a clue is given

here to do it.

To check the reproducibility of the data, at least two
runs were performed for each set of reactions. In all of
them the same tendencies were observed. Systematic exrors
during the reaction tests are possibly absent, for a random
salection of furnace holes and reactors was made. Taking
into account the time scale for the reaction, the order in
which the reactors were inserted to and removed from the
furnace seems not to play a significative role. However,
this also was made subject to a random selection.

The preparation of the catalysts 1is reproducible as
well, but systematic errors might be present, especially for
catalysts A, Actually, during the impregnation with the
citric solution the pellets gave off a small amount of fine
powder that increased with the titania content. This powder
must absorb part of the active metals, reducing the actual
loading into the pellets. This kind of errors can explain
the results obtained with the catalysts A -satisfactorily.
8till, for the sake of completeness, it will ‘be assumed that
there were no systematic errors during the preparation of
the catalysts either.
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The impregnation of the alumina pellets with titania
reduces their surface area up to an 18%. On the other hand,
the catalyst loading is in the range of complete coverage. A
decrease in the surface area might lead +to a poorer
dispersion of the active species. To check what the effect
of it could be, the carriers with 16 weight percent of
titania were impregnated to several catalyst loadings, and
their activity was tested. Both their HYC and HDS activity
per mass of active species decrease dramatically as  their
loading into the pellets. increases, mainly in the region of
complete coverage. Further, the tendency in the HYC/HYD
ratio for the reaction with DPM resembles that of catalysts
A. 'Therefore, this possibility might also explain the
behavior of catalysts M2, M3, and M4.

A mixed oxide has a higher acidity than a single one.
$till, it is not necessary to invoke the formation of a
Al,0,-Ti0, mixed oxide to explain the higher HYC activity of
catalysts MZ, M3, and M4. Shimada et al (1988) showed that a
Mo/Ti0, catalyst had a much more higher HYC activity than a
Mo/Al,0, one. Therefore, the solely presence of titania in

the catalyst might give reason of the higher HYC activity.

Regarding catalysts B, the interpretation of their
behavior is more difficult. In this case, several factors
have to be taken into account: a) Titania was impregnated
through a different method, b) the titania locading seems to
be lower than expécted, and c¢) a different solvent was used
for samples M7 and M8. Titania can influence over the
prdperties of the active species which are subsequently
deposited onto the carrier's surface (1991, Zhaobin et al).
The importance of this influence might depend on how titania
is dispersed‘over,the_alumina surface, that 1s to say, on
its morphology. In fact, it is known that the morphology of
the titania prepared from an alkoxide depends on the solvent
in which it is dissolved (v.g., Harris M.T. et al, 1988).
One of ;he objectives;of the impregnation with titania was a
change in the mprphology'of the CataIYSt*s surface. It would

— 195 —



favor an advantageous orientation of the MoS2 crystallites,
Especifically, the deposition of titania micro-aggregates
was expected. However, the. results presented here do not
permit'to say that that effect was obtained, or that this
possible effect was_responsibie for the higher HDS activity
of the catalyst M8, Further studies are necessary to
separate and understand the effects of each possible cause. '

Last but not least,-although the catalyst M8 was more
active than CoMo/Al,0, in HDS of DBT;,it is doubtful that it
will also have a better performance when the feed is SRGO.
The reactivity of the DDBT that are present in SRGO is very
low. compared to that of DBT. ' This poor reactivity -might
resist even the HDS activiﬁy of the catalyst M8,

CONCLUSION

‘In this work it was showed that the -activity of a
CoMo/Al;%-TiQécatalyst was higher than that of a CoMo/Al,O,
in the HDS of DBT. However, it was shown as well that the
preparation conditions had a notable influence on the
performance of the catalyst. Further studies are necessary
to understand the causes of this phenomena. '
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