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The catalytic wet oxidation was studied of phenol, 2-aminophenol, salicylic acid and 5-sulfosal
acid performed in a laboratory trickle bed reactor. A three-phase high-pressure catalytic react
an inside diameter of 18 mm and length of catalytic bed of 200 mm was operated at tempe
90-180°C, pressures 2—7 MPa and liquid space velocity 1=10Simultaneously, the catalytic ac
tivity and the stability of extruded active carbon black Chezacarb® and active carbon Chemv
were tested. At a comparable activity, the active carbon Chemviron® exhibited a greater mecl
strength and stability. The influence of phenol substituents on the oxidation conversion corresj
to their inductive effect: The electropositive amino group supported the oxidation, on the cor
the presence of carboxy and sulfo groups on aromatic ring led to only low conversion. The ci
cations on evaluating the experimental data are caused by the non-isothermal temperature
along the catalyst bed, the non-ideal oxygen dissolution in aqueous solutions and especially
drodynamic effect of flow rate on the degree of catalyst wetting and thus on the entire effecti
of the oxidation process.
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The disposal of toxic or bactericidal organic impurities in diluted aqueous solution:
be carried out to advantage by a so-called wet oxidation. This oxidation with &
oxygen is applied especially with waste waters from pharmaceutical and dyé.pl
The products of this process at temperatures 1252@2Md pressures 0.5-20 MPa a
biologically degradable substances, mostly lower organic acids or eveand®,0.
The advantage of the process consists in the fact that dioxins are not formed frc
phenolic substances as in incineration or a so-called supercritical oxfglétodisad-
vantages are, however, the energy demands and corrosive medium.

By modifying the procedure on using the homogeneous or heterogeneous Ceta
and the combination of oxygen and chemical oxidizing agemngs,the Fenton ageht
(H,O,/Fe), it is possible to reach a moderation of reaction conditions; further rec
ment of increasing the process capacity can be met by applying a continuous ri
For the oxidation of polutant solutions whose rate is often limited by the oxygen d
ution and its transport to the catalyst surface, a trickle bed réagteuitable with
regard to the large interfacial surface of catalyst bed.
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To determine the overall efficiency and selectivity of the process of wet oxidatic
a trickle bed reactor, it is necessary to study the mutual interactions between the
Iytic effect on the mechanism and the rate of oxidation, mass and heat transft
hydrodynamics in the three-phase reaction system.

The most active catalysts of wet oxidation contain cdpgethe active component
however, they are not stable enough owing to its dissolution in the corrosive re:
mixture. An alternative is the use of different types of active cafbwhih have
weaker catalytic effects but have not disadvantages of metallic catalysts. A signi
factor for the operation of trickle bed reactor is besides the stability of catalytic ac
also the catalyst mechanical stability. The disintegration of particles of the reactc
leads to the loss of catalyst amount and a hazard of the growth of its hydrody
resistance up to the limit of impenetrability.

Oxygen unlike other gases exhibits an anomaly of dissolution on temperatur
minimum in the vicinity of normal boiling point of wateThereof follows even differ-
ent extent of the dependence of reaction rate on the oxygen partial pressure ac
to the level of total pressure in the reactor. Further significant factor is the depen
of heat transfer on the flow rate of the gas and especially liquid phase. Higher floy
improves the heat transfer from the reactor wall and its conduction in the catalytic
The oxidation reactions themselves are exothégraied the reaction mixture is heate
spontaneously with the reaction heat liberated.

With regard to the liquid feed in the bed axis, small height of catalyst bed anc
value of volumetric feed rate, it is possible to assume that in this case, the effect
wall flow of liquid on the process does not apply. However, the velocity of the li
phase flow determines also the efficiency of weftiojthe surface of catalytic bed
and its low value for small volumetric flow rates can fully compensate the corresy
ing long residence time of reaction mixture in the bed. The liquid flow rate may
moreover, considerably decreased by evaporating the liquid phase into the gas s

The aim of this work has been to determine the effect of amino, sulfo, and ca
groups on the wet oxidation of substituted phenols. Further, the possibility was
of employing the extrudates of active carbon black and active carbon as a catalyt
of trickle reactor for which the dissolution of active components, mostly heavy me
does not take place in the reaction mixture. Simultaneously, the interaction we
served between the kinetics of oxidation and the hydrodynamically dependent w
efficiency in the catalyst bed of continuous trickle bed reactor.

EXPERIMENTAL

All the chemicals were of a.r. grade purity: Phenol (Reactivul, Bucharest), 2-aminophenol (M
AG.), salicylic acid and 5-sulfosalicylic acid (Lachema, Brno), methanol (Penta, Prague), dis
water (Prague Institute of Chemical Technology), oxygen (Linde—Technoplyn, Prague). As cat
active carbon bladChezacarb FD (Chemopetrol Group, Litvinov), extrudates@mm, of surface
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area 700 rfig and active carbon Chemviron Carbon WS4 AWD (Germany), extrudates 3&mm,
of surface area 1 049%g were used.

The process was investigated in a laboratory trickle bed reactor which was formed by a st
steel tube of inside diameter of 18 mm and length of 540 mm equipped with an axially lc
thermocouple well and heated with an electrical furnace. The height of catalyst bed amounted to 2
above and below the bed, a layer of glass beads of diameter of 3 mm was filled. Oxygen was
with the fed liquid at the preheater inlet and behind the reactor, was separated in a pressur
separator, and the liquid was released periodically. The experimental conditions were with
range of temperatures 90-180, liquid feed 25—400 ml/h, at total pressures 2—7 MPa and con:s
exit gas 400 ml/min. The concentration of substrates used in the aqueous feed amounted to 0.

The reaction mixture was analyzed by the HPLC chromatography with the UV detector at 2&
with the flow rate of 0.6 ml/min of the methanol-water mobile phase (2 : 3) and the Tessek (150
x 3 mm, Separon SGX C 18 of graninguih stationary phase. An example of the reaction mixtt
chromatogram on the phenol oxidation, given in Fig. 1, illustrates the taking place consecutiv
dation reactions by showing the presence of the oxidation intermediates: hydroquinone, |
quinone, and maleic and oxalic acids.

RESULTS AND DISCUSSION

The monitored key factors significant for evaluating the experimental data of the ti
bed reactor and their generalization are as follows: stability of activity and meche
strength of the catalyst, quantification of the effect of mass and heat transfer c
overall reaction rate, and determination of the catalyst wetting efficiency. The exi
non-isothermal character of temperature profile in bed, non-ideality of phase equ
on dissolving oxygen and evaporation of a portion of reaction mixture into the
stream are further factors which should be taken into account.

Two extruded catalysts of similar dimensiovig, the active carbon black Chezacarb F
and the classical active carbon Chemviron were tested. Although the catalytic a
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Fc. 1
HPLC chromatogram of reaction mixture of phenol oxidation, Chemviron catalyst;(,45 MPa,
volumetric feed rate 180 ml/i. Maleic acid,2 oxalic acid,3 hydroquinoned4 benzoquinone; phenol
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of both the sorbents was comparable, after about 50 h of operation, the crumbil
extrudates of Chezacarb (see Fig. 2) took place, and the bed volume was contra
16%. Under the same reaction conditions, the Chemviron extrudates kept compa
therefore further experiments were carried out only with this active carbon. Advan
of the active carbon extrudates as the catalyst bed filling of the oxidation trickle
reactor consist in a sufficient geometrical hydrophilic surface for interfacial mass t
fer, large internal active surface and sorption capacity, and elimination of problel
activity and dissolution of the catalytically active components of classical supp
catalysts.

The wet oxidation of an aqueous solution of organic polutant comprises two ¢
cutive stepsyiz.the oxygen transfer from the gas to the liquid phase, its dissolution

Fic. 2
Comparison of original (left side) and crumbled catalyst Chezacarb FD (right side) after 50 t
ration time; bed contraction 16%
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transfer to the catalyst surface and subsequently the chemical reaction betwe
dissolved oxygen and the organic substance. The oxygen concentration in the lic
given by transport phenomena across the phase boundary influenced by the \
efficiency of the bed and simultaneously by the temperature dependent gas solub
water. In Fig. 3 plotted on the basis of published Qale strongly non-linear tempere
ture dependences are evident of the oxygen mole fraction in water for the total pr
of 1, 5 and 10 MPa, which water saturated vapour pressure takes part in, too.
total pressure about 5 MPa, the oxygen concentration is nearly constant with
range of temperatures of 100—-200 so that the effect of temperature changes on
concentration of dissolved oxygen may be neglected in this range. This concl
makes it possible to neglect the effect of temperature profile in the bed of trickle
tor on the oxygen concentration in the reaction mixture and considerably simplifie
data evaluation. The concentration of dissolved oxygen is, however, strongly depe
on its partial pressure, and the above-mentioned conclusion holds only for an is
reactor and a total pressure range of 4-5 MPa over considerably diluted aqueou
tions.

The dependence of the mean reaction rate of the phenol oxidation on the ©
partial pressure is not too pronounced as it can be seen in logarithmic coording
Fig. 4. The very low reaction order of oxidation related to the oxygen partial pres
equal to 0.06 as determined for volumetric feed rate of 70 ml/h, may be causec
great sorption capacity of the active carbon bed with a slight oxygen consumpti
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Dependence of reaction rate of phenol oxida- Axial temperature profilet( °C) along catalytic
tion r (mol/min g,) on oxygen partial pressure bed (bed depth in cm) with and without reaction.
p(O,) (logarithmic scale); Chezacarb FD, 145, 0 0.5% phenol solutionA distilled water;

volumetric feed rate 70 ml/h Chemviron catalyst, volumetric feed rate 230 ml
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the reaction. This “buffering” effect is given by a large value of the ratio of cate
amount to a small value of the liquid feed of low concentration of substrate int
trickle bed reactor.

The comparison of longitudinal temperature profiles in the bed of trickle reactc
distilled water alone and the phenol solution under the same flow rates of phas
input power of heatings is depicted in Fig. 5. The curvature of both the tempel
profiles is caused by the non-uniform reactor heating, moreover, the heat transfe
the reactor wall to the bed depends on the flow velocity. The catalytic layer begins 2
from the bed beginning. The overrun of temperature profile by abo@€ Mith the
phenol solution is caused by the reaction heat released. The wet oxidation is an e
mic reaction and the temperature adiabatic growth for the used phenol solution o
centration 0.054 mol/l on its full oxidation to water and carbon dioxide represents
40 °C. In case that the overall conversion reaches about 25%, the adiabatic h
represents about 1@, which is in good agreement with the differences in the lor
tudinal temperature profiles depicted in Fig. 5.

The comparison of dependences of the oxidation conversions of single subs
phenols on the residence time modified by the catalyst amount in the reactor is
in Fig. 6. The process conditions were suitable for a high conversion of phena
aminophenol, on the contrary, with the salicylic and sulfosalicylic acids, the col
sions reached only about 40%. For all four substances, however, the same main
tion intermediates were identified, which indicates analogous mechanism of oxid
The phenol substituents influence the oxidation according to their inductive e#ect
the amino group with positive effect promotes oxidation, on the contrary, the elect
gative carboxylic group decreases the oxidation rate. The additional negative eff
sulfo group on oxidation was not found but the sulfuric acid originating from the
dation considerably decreased pH of the reaction mixture down to the value of 2.!
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Dependence of substrate conversioon modified
residence tim&V/F (min g.,{/l) in reactor; 140°C,
5 MPa, Chemviron catalyse, phenol,d 2-amino- 0.0 Jg 6
phenol,m salicylic acid,[0 5-sulfosalicylic acid W/F, 10°
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high values of the parameter representing the kinetic coordinate — the residenc
modified by the catalyst amount, are given by higher order of magnitude of ca
amount compared to usually used in batch reactors.

The maximum of conversion reproduced for two different initial phenol concer
tions is emphasized in Fig. 7 in the dependence of conversion on the flow rate,
is inversely proportional to the residence time, of liquid reaction mixture in the tri
bed reactor. A poor surface coverage of catalytic bed with liquid is responsible fo
local maximum the former being defined by a so-called bed wetting efficiency whi
significantly manifests itself at low bed load of trickle reactor when liquid pa:
through the bed in the form of fluctuating rivulets, the state designated also as ch
ing.

A simplified qualitative explanation of the origin of local extremes on the conver
dependence is to be formulated as follows: The phenol conversiepends on the
catalyst wetting efficiency)., the temperature dependent rate condtaartd the ratio
of catalyst mas$V to volumetric feed~ according to Eq.1):

x=1-exp (RKW/P . @

The solution is presented for illustration in Fig. 8 of the simple first-order kin
equation towards substrate (Ef))(for the ideal plug flow and for the case influenc
by the wetting efficiency of bed. Simultaneously, the dependence of wetting effici
on the flow rat@is plotted here, too. The convex beginning of the dependence ¢
sponds to the transfer from isolated drop flow and semistagnant liquid hold-ups"
continuous flow of rivulets. The middle part corresponds to a gradual propagati
rivulets in the catalytic bed up to the concave curvature representing the conse
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Dependence of phenol conversivinfluenced by

catalyst wetting on liquid hourly space velocit
080 5 A parameter; feed concentration of phemo2.5 g/l
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homogeneous surface coverage of catalytic bed with liquid. On the realistic conve
profile, it is possible to distinguish two local extremes, the local minimum where
imperfect wetting of catalyst compensates the long residence time of liquid in be
subsequent local maximum corresponding to the dependences in Fig. 7, where
gree of wetting reaches a sufficient level, and the effect of shortening the resi
time begins to prevail. The presented illustration represents only qualitative inter
tion of the shape of the dependences. A precise quantitative description requir
experimental determination of hydrodynamic dependence of wetting efficiency an
detailed knowledge of kinetics in the test reactor.

CONCLUSION

The functional groups of substituted phenols manifest themselves in wet oxidatic
cording to their induction effectgg., the groups with positive induction effect (amir
and hydroxy) influence the oxidation positively, the negative effect of (sulfo and cart
groups has a dominant effect on the slowing down the oxidation. On using the ex
active carbon as a filling of trickle bed reactor, it is possible to reach a high conve
of phenol oxidation, however, the Chezacarb FD extrudates have not a sufficient mec
strength. The concentration of dissolved oxygen is nearly constant in the testec
perature range at the total pressure of 5 MPa, which makes it possible to negle
effect of non-isothermal temperature profile in the bed on the oxygen concentr
The very low reaction order of oxidation towards oxygen can be caused by a
sorption capacity of the active carbon bed at a slight oxygen consumption in the
tion.

The hydrodynamically dependent degree of catalyst wetting may compensa
positive effect of residence time on the conversion of reaction. For a better exploi
of the catalyst filling and attaining the maximum conversions, it is suitable to per

1.0 T

Fic. 8
Influence of wetting efficiency
(superficial liquid velocityr, (m/s))
on phenol conversior in trickle bed
reactor.1 Wetting efficiency,2 real
conversion profile influenced by wet-
ting efficiency, 3 ideal conversion
profile without influence of poor
catalyst wetting r,.

, m/s
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the oxidation in a trickle bed reactor with feeds representing at least triple volur
catalytic bed per hour.

SYMBOLS
F volumetric feed rate of liquid, mi/h
k rate constant, mol/g s
LHSV liquid hourly space velocity,
p(O2) oxygen partial pressure, MPa
ry superficial liquid velocity, m/s
w catalyst mass, g
X conversion, mole fraction
X0y oxygen mole fraction
Nec wetting efficiency
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