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Abstract— The effect of liquid flow modulation
on the performance of an integral trickle-bed reac-
tor used for carrying out the catalytic wet oxidation
of ethanol is analyzed. Particular emphasis is de-
voted to examine whether the induced periodic
variations in conversion are affected by prolonged
operation. A Pt/y-Al,0; catalyst (1% w/w, mean par-
ticle diameter dp = 0.003 m) is employed for the ex-
periments. Liquid flow is open/closed periodically by
means of a programmable logic controller with
given splits and at different total cycle period. The
reactor operates isothermally at 70°C during the
whole cycles. The time dependence of the outlet
ethanol concentration in the integral TBR is exam-
ined. In addition, the average conversion obtained
with periodic operation is compared to that of the
steady state at different cycle periods. It is found
that the history of the operation mode has influence
on the attained conversion, pointing to the existence
of hysteresis affecting the particle wetting.

Keywords — trickle-bed reactors, liquid flow
modulation, periodic operation, ethanol oxidation

L. INTRODUCTION

Trickle-bed reactors (TBRs) are extensively used for
many industrial applications, mainly in the refinery
industry but also for new unconventional chemical and
biochemical processes. Actual applications of these
reactors have extended largely in various fields, includ-
ing wastewater treatment, fine chemical, biochemical
and electrochemical processes (Dudukovic et al., 1999).
Among these new applications, the suitability of trickle-
bed reactors for the catalytic wet oxidation (CWO) of
organic compounds has been recently noticed (Pintar et
al., 1997; Horowitz et al., 1999; Béziat et al., 1999;
Fortuny et al., 1999). CWOs in three-phase reactors are
particularly adequate for wastewater treatment when the
concentration of organic compounds is too high or toxic
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to microorganisms (Matatov-Meytal and Sheintuch,
1998).

Traditionally, TBRs have been designed to operate
under steady-state conditions. However, several recent
studies have demonstrated that an unsteady-state (peri-
odic) operation can yield better performance of these
reactors, particularly for gas-limited reactions (Lange et
al., 1994; Castellari and Haure, 1995; Khadilkar et al.,
1999; Turco et al., 2001; Boelhouwer, 2001).

For CWO processes, the low solubility of oxygen in
water may lead to a control of the gaseous reactant,
specially for moderate to high temperature conditions
(Tukac et al., 1999). Hence, high pressures are gener-
ally required. An alternative way to increase the acces-
sibility of oxygen to the active sites arises from the pos-
sibility of having direct contact of the gaseous phase
with the catalyst surface due to partial wetting of the
catalysts. This can be achieved in trickle-bed reactors
by low liquid flow rates or by using hydrophobic cata-
lysts (Horowitz et al., 1999). Flow modulation of the
liquid phase also leads to a lower wetting efficiency for
the dry period. Then, the CWO in a TBR may be im-
proved by periodic operation.

Therefore, in this work, the effect of liquid flow
modulation on the performance of a TBR used for car-
rying out the CWO of ethanol is analyzed. A mini-pilot
scale integral TBR packed with a Pt/y-Al,0; catalyst is
employed for the experiments. Variations in the mean
conversions obtained with periodic operation, in com-
parison with the attainable steady-state conversion, are
determined for different modulation parameters. In ad-
dition, the time dependence of the outlet ethanol con-
centrations in the integral TBR is examined. Also, tak-
ing into account that only a partial oxidation of ethanol
can be expected, intermediate products, like acetalde-
hyde and acetic acid, have been determined in the reac-
tor effluent. This information will help to understand
the influence of liquid flow modulation on the selectiv-
ity in a system of consecutive reactions.
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Fig. 1. Schematic diagram of the experimental installa-
tion.
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II. EXPERIMENTAL

The catalytic wet oxidation of ethanol aqueous solu-
tions was carried out at atmospheric pressure in a mini-
pilot scale trickle-bed reactor. The reactor was made in
acrylic, with 0.04 m internal diameter and 0.7m height.
A schematic diagram of the experimental installation is
presented in Fig. 1.

The reactor was externally heated with warm water
in order to keep the temperature at 70°C during the
whole cycles.

Aqueous ethanol solutions were contacted with O,
in a packed bed of glass beads placed before the reactor
inlet to achieve thermal and vapor pressure equilibrium
between the solutions and the gaseous phase. At the
reactor outlet, another column filled with glass beads
and provided with a cooling jacket allowed to absorb
the non-reacted ethanol. Part of the generated acetalde-
hyde was also collected from the gas phase into the
liquid and its concentration in the liquid phase could be
determined. Temperature in the jacket was kept con-
stant with flowing water.

Liquid flow was regulated with a peristaltic pump
commanded by a programmable logic controller (PLC).

The catalyst employed was a conventional Pt/y-
Al,05 catalyst (1% w/w), prepared by impregnation over
v-AlL0; spheres of 0.003 m mean diameter.

The gaseous reactant was oxygen (99.9% v/v).

Ethanol concentrations in the feed solution were
maintained at 0.006 or 0.03 kmol/m’ for all the experi-
ments. Ethanol concentrations at the reactor inlet/outlet
were determined with a Perkin Elmer Autosystem gas
chromatograph using a FID detector. Acetic acid gener-
ated by reaction was determined by titration. Hence, the
amount of generated gaseous products (gaseous acetal-
dehyde plus carbon dioxide) was estimated from the
mass balance.

Gas-liquid equilibrium was tested by comparing the
temperatures and liquid ethanol concentrations meas-
ured at the reactor inlet for several conditions with lit-
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Table 1. Experimental details and examined operating

conditions.
Catalyst employed Pt/AL;0; (1%w/w)
Catalyst mean diameter 0.003 m
Catalyst weight 0.4 kg
Bed internal diameter ~ 0.04 m
Bed height 0.7m
Gas mass flow rate 0.04 kg/m’s
Liquid mass flow rate ~ 0.54 ;0.72 kg/mzs
ggfzc;;\t/: liquid mass 0.36 kg/m’s
Cycle period 10-900 s
Cycle split (wet/total)  2/3 ;%

Ethanol concentration

. 3
in the feed solution 0.006 ; 0.03 kmol/m

erature information (Hong et al., 1981). Good agree-
ment was found.

Ethanol concentrations in the liquid feed and at the
reactor outlet were used to calculate instantaneous etha-
nol conversions according to:

X = (N1i-Npo)/Nr; (D

Nr; and Ny, indicate ethanol moles at the inlet and out-
let streams, respectively.

Before starting the experiments, the bed was flooded
with the preheated liquid solution by closing the corre-
sponding valves to ensure complete internal wetting of
the catalyst and to heat the bed. Then, liquid and gas
were circulated throughout the installation at high
throughputs. Afterwards, the gas and liquid flow rates
used for the experiments were fixed and the ethanol
concentration at the reactor outlet was measured until
steady state. The latter was identified by differences of
less than 2% among ethanol concentrations for three
consecutive samples. After steady state operation was
attained, the liquid flow modulation was imposed. From
that time on, liquid samples were taken periodically to
follow the time dependence of the outlet ethanol con-
centration.

In addition, for different cycle periods, averaged fi-
nal concentrations of ethanol and acetic acid were de-
termined by collecting the liquid outlet stream for at
least 40 minutes. Outlet streams were collected for pe-
riodic operations varying the cycle period from the
smallest to the highest (forward exploration) and vice-
versa (backward exploration), leaving 20 minutes
among different periods.

The mean liquid mass flow rate was fixed in 0.36
kg/m’s as a reference and will be called effective liquid
mass flow rate, Lef. The cycle split, ratio of wet over
total period, was set to 1/2 or 2/3. Therefore, the liquid
mass flow rate was 2 Lef or 3/2 Lef during the wet pe-
riod of the cycle, according to the cycle split imposed.
There was no liquid flow during the dry period.

Experimental details and examined operating condi-
tions are summarized in Table 1.
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Fig. 2. Variations in the flow averaged conversions ob-
tained with periodic operation in comparison with the
attainable steady-state conversion for different cycle

periods. (a) Ethanol concentration in the feed solution,
C=0.03 kmol/m*; (b) C~0.006kmol/m”.

III. RESULTS AND DISCUSSION

The ratio of the average conversion obtained with
liquid flow modulation, Xy, to the one obtained in
steady state, Xss, is shown in Fig. 2 as a function of the
cycle period, for two different splits. The attained con-
version with periodic operation is determined by col-
lecting the outlet stream during several cycles and that
of the steady state corresponds to a liquid flow rate
equivalent to the liquid flow rate during the wet period,
multiplied by the split.

As observed in the figure, there is no clear evidence
of a persistent improvement in reactor performance due
to the periodic operation, particularly for the larger
ethanol concentration (Fig. 2a). The overall attained
conversion remains always within £20% of the steady
state conversion.

For the lower ethanol concentration, a neater trend
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is observed (Fig. 2b). Reactor performance is slightly
improved for high frequency modulation and a marked
detriment is observed for long cycle periods, which is
likely arising from a lack of liquid reactant since the
detrimental trend is more evident for the lower split.

The variations observed with respect to the steady
state behavior can be attributed only to hydrodynamic
effects, mainly the combined effect of an overall reduc-
tion of the mean wetting efficiency and shortage of the
liquid reactant, since the experiments were carried out
under isothermal conditions.

For a gas-limited reaction, like ethanol oxidation, a
decrease in wetting efficiency can improve the supply
of O, to the particle, increasing the reaction rate and the
conversion (Horowitz ef al., 1999). A gas-limited reac-
tion can be defined using the criterion proposed by
Khadilkar et al. (1999). For our system at inlet condi-
tions, the index proposed by Khadilkar et al. is higher
than 10, which means clearly a gas-limited reaction.
But, when the ethanol conversion is high, particularly
during the dry period, the index diminishes to values
between 1 and 2 and the reaction can turn to be liquid-
limited. Therefore, during the dry period, the reaction
rate can increase at the start due to a lower wetting effi-
ciency and then decrease if the dry period is long
enough due to a deficit in the liquid reactant.

Considering the previous argument, even if the re-
action is gas-limited at inlet conditions, an improve-
ment in reactor performance is conditioned by the pos-
sibility of a shortage in the liquid reactant for pro-
longed cycle periods.

The influence of the liquid flow modulation on the
instantaneous ethanol conversion is illustrated in Fig. 3
for a cycle period of 900s, a split of 2/3 and an ethanol
concentration in the feed solution of 0.006 kmol/m’.
The conversions attained in the steady state operation
with the effective liquid mass flow rate (SSef : L = Lef)
and with the liquid mass flow rate used for the wet pe-
riod (SS : L = 3/2Lef) are indicated in the figure for
comparison.

The instantaneous conversion presents an almost pe-
riodic behavior, ranging from the conversion for steady
state with the liquid flow rate of the wet period to a
quite larger conversion, around 90%. The higher values
are attained in the first instants of the wet period of the
cycle. Then, the conversion decreases tending to the
value obtained for steady state. In the dry period, the
conversion starts to increase again.

Superimposed to the almost periodic behavior, an
overall slow decreasing trend can also be appreciated.
This slow but persistent variation suggests that the
mean wetting efficiency of the catalyst particles may
depend on the past history of the liquid flow rate. A
long cycling operation with relatively large cycle peri-
ods may induce variations in the wetted zones of the
particles, even if the mean wetting efficiency remains
constant. Different liquid pathways may appear while
starting each new wet period of the cycle. This effect
may be less apparent for short cycling periods since the
liquid may not have drained completely from the col-
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Fig. 3. Time dependence of the instantaneous ethanol
conversion for a total cycle period of 900 s. Split=2/3;
C¢= 0.006kmol/m’. Open and close periods indicated in
the figure as a solid line in the bottom.

umn when the new wet period starts.

As already mentioned, another possible influence of
a prolonged cycling operation with long cycle periods
could be a progressive decrease of the liquid reactant
concentration within the catalyst. This effect should
appear if the reactant is almost completely consumed
during the dry period and the wet period is not long
enough to reach the liquid reactant concentration of the
steady state conditions.

To examine the hypothesis that the conversion is af-
fected by the past history of the liquid flow rate, the
cycle period was varied either by increasing it from the
lowest values to the highest (forward exploration) or
viceversa (backward exploration). Measured ethanol
conversions are represented vs cycle period in Fig. 4 for
both exploration routines and two different splits.

As observed in the figures, larger ethanol conver-
sions were attained when the cycle period was de-
creased progressively from the largest value (900s) to
the lowest, whatever the split used.

These results might be related to a slight variation in
the mean overall wetting efficiency. A decrease in the
mean wetting efficiency affects in two opposite ways.
On one side, it favors the access of the gaseous reactant
(oxygen) into the particles, which improves the reaction
rate. On the other side, it hinders the accessibility of the
liquid reactant that may be in equilibrium at the opera-
tion start up, but it is highly consumed during the dry
period and may not be readily reposed during the wet
period. In addition, if the wetted regions are better dis-
tributed, the effectiveness factor will be higher.

When the experiments are started with a long cycle
period, the initial condition for this period is that of

14

34:11-16 (2004)

(a)

A
A,
A“ZAAA A

A Backward exploration

ethanol conversion

A Forward exploration

e
—

10 100 1000

cycle period (s)

10000

(b)

oo
ce
ce
ce
oce
o e

® Backward exploration

ethanol conversion

© Forward exploration
1

e
—

10 100 1000

cycle period (s)

10000

Fig. 4. Variations in the flow averaged conversions ob-
tained with liquid flow modulation for different cycle
periods and starting the operation either from the long-
est cycle period (backward exploration) or viceversa
(forward operation): a) split = 2/3, b) split = 1/2. C;=
0.03 kmol/m’.

equilibrium for the alcohol concentration and, since the
reactor was previously flooded, wetted zones may dis-
tribute homogeneously, covering the particles. No pref-
erential paths have still imposed. This fact, added to a
probable slightly lower mean wetting efficiency that
may characterize longer cycles, leads to a higher con-
version. A decrease in the cycle period implies shorter
dry periods and the liquid reactant concentration may
not be consumed largely, and thus is able to be reestab-
lished during the wet period. Then, only the effect of a
lower mean wetting efficiency would remain.

A continuously cycling operation from the shorter to
the higher cycle periods may only reflect the effect of
an apparently higher mean wetting efficiency that al-
ways leads to lower conversions. The lack of liquid
reactant would have effect only at the last experiments
(long cycle periods).

The influence of the past history is more apparent
for the lower split, which supports the previous discus-
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Fig. 5. Variations in the selectivity towards formed
products obtained with liquid flow modulation for dif-
ferent cycle periods and splits. C=0.03kmol/m’

sion.

Finally, the influence of the flow modulation on the
product distribution was tentatively examined. The se-
lectivity towards formed products, calculated as the
obtained concentration referred to the ethanol consump-
tion, is represented as a function of the cycle period in
Fig. 5. “Gaseous products” refer to the carbon dioxide
plus the acetaldehyde, which is present both in the lig-
uid and gas phase phase.

The selectivity towards the generation of gaseous
products is remarkably larger than for the formation of
the acetic acid. Considering the refractory character of
the low-molecular weight carboxylic acids (Beziat et
al., 1999; Kolaczkowski et al., 1999; Klinghoffer et al.,
1998), it could be convenient to prevent their formation.
The intermediate product (acetaldehyde), present in
large amount as evidenced by its concentration in the
liquid, is mostly in the gaseous phase due to its high
vapor pressure and could be directly absorbed into an
appropriate solvent and reused.

The selectivity towards acetic acid is slightly in-
creased by liquid flow modulation compared to that
obtained in steady state conditions. The largest effect
appears at long cycle periods and for the lower split, for
which reactor performance is also worse. This could
arise from a lack of ethanol to oxidize during the dry
period plus a larger oxygen concentration that may im-
prove the oxidation of acetaldehyde to the acid.

IV. CONCLUSIONS

The effect of using liquid flow modulation for the
catalytic wet oxidation of ethanol in an isothermal mini-
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pilot trickle-bed reactor was examined. The following

trends were found within the explored conditions:
e Larger conversions are attained for shorter cycling
periods, particularly for smaller splits. This result
was more evident for the lower ethanol concentra-

tion in the feed solution.

The time variation of the ethanol concentration leav-
ing the reactor at the examined condition was almost
periodic. Smallest values were obtained at the start-
up of the wetted period. Superimposed to the almost
periodic behavior, a slight negative trend in ethanol
conversion was also appreciated as time evolves.

The past history of the liquid flow apparently has an
influence on the attainable ethanol conversion.
Hence, the overall procedure used to make the ex-
periments should be carefully systematized.

The product distribution is affected by liquid flow
modulation. Longer dry periods seem to have a
positive effect on the selectivity towards acetic acid
formation.

In general, the influence of liquid flow modulation
on product distribution and the quasiperiodic variation
of the outlet concentrations suggests that, even if no
variation is obtained in reactor performance, the use of
periodic operation can be beneficial to direct the selec-
tivity towards the formation of a specified product or to
separate streams with different conversion levels.
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NOMENCLATURE

C; Ethanol concentration in the feed solution,
kmol/m’

G gas mass flow rate, kg/s.m’

L liquid mass flow rate, kg/s.m’

Lef effective liquid mass flow rate, kg/s.m’

Np; total number of moles entering the system, in-
cluding gas and liquid phases, kmol

N, total number of moles leaving the system, in-
cluding gas and liquid phases, kmol

X  ethanol conversion

Subscripts

FM periodic operation
SS  stationary state
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