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Abstract

The kinetics of wet oxidation of phenol over a Ru/piCatalyst was studied in the temperature range of 1752200xygen partial
pressure range of 0.34-1.38 MPa and a catalyst loading range of 0.5=Flag mear neutral condition@H ~ 6.5). Also studied was
the effectiveness of this catalyst in a strongly alkaline medipkh > 12). The catalyst used for the purpose was powdered 5% Ru/TiO
This heterogeneous catalyst was found to be very effective for oxidation of phenol and the acetic acid formed, at near neutral conditions.
However, the amount of acetic acid formed in its presence in a strongly alkaline medium was very high. The effects of the addition of
hydroquinone as a free radical initiator adutanol as a free radical scavenger on wet oxidation of phenol were studied in presence of
this catalyst at near neutral conditions and also in a strongly alkaline medium. The rate of reaction was enhanced in the presence of the
Pyrex liner which reduces the destruction of free radicals by the reactor wall. Addition of hydroquinone enhanced wet oxidation of phenol
which is expected because hydroquinone is known to be a free radical initiator. On the other hand, the prédenaralf a free radical
scavenger, reduced the rate of degradation of phenol.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction 150-325C and 0.5-20 MPa, respectively. It also provides
a feasible option to incineration, particularly when the
Chemical, petrochemical, pharmaceutical and coal pro- waste stream contains phenolics, substituted phenolics and
cessing industries often discharge phenolics, viz. phenol,chloro-aromatics [1].
substituted phenols, cresols and naphthols, which are clas- Since wet oxidation is prohibitively expensive, catalytic
sified as priority pollutants, in a fairly large quantity. These wet oxidation is often practiced to reduce the severity of
agueous waste streams containing phenol and its derivativeghe operating conditions required. Various homogeneous and
need to be treated before discharge. However, such toxic ancheterogeneous catalysts have been reported for wet oxida-
refractory organic pollutants are resistant to conventional bi- tion [1-3]. Catalytic wet oxidation using a homogeneous
ological treatment, especially when present in the wastewa-catalyst leads to the presence of metal ions in the effluent
ter in high concentrations. The water conservation program from the reactor so that an additional step is necessary to re-
undertaken in chemical process industries (CPI) is expectedcover these toxic ions. This might have some adverse impact
to result waste streams exhibiting very high concentration of on economics of the wet oxidation process. There is always
pollutants resulting in very high chemical oxygen demand a trade off between capital and operating cost impact due to
(COD) and bio-chemical oxygen demand (BOD). The very reduction in severity of operation and the recovery and recy-
high levels of BOD may make bio-treatment unviable. cle cost associated with a homogeneous catalyst. So, at times
An effective alternative to biological treatment is wet itis desirable to use a solid catalyst, which is easily recover-
oxidation. Wet oxidation is a very promising technology able, and eventually reusable and which reduces the severity
in advanced wastewater treatment. Wet oxidation, also of the conditions required for oxidation. It was, therefore,
known as wet air oxidation, involves sub-critical oxidation decided to find such a heterogeneous catalyst suitable for the
of organics and some oxidizable inorganics in the aqueoustreatment of phenol-contaminated wastewater streams. In the
phase at high temperatures and pressures, typically aroundresent work, phenol was selected as a model refractory pol-
lutant. Maugans and Akgerman [4] have studied wet oxida-

* Corresponding author. Tek:91-22-4145-616; fax+91-22-4145-614.  tion of phenol over a PY/Tigcatalyst. The wet oxidation of
E-mail addressvwvm@udct.ernet.in (V.V. Mahajani). phenol often results in the formation of low molecular weight
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that the initial pH has on the performance of this catalyst.

Nomenclature Attempts were made to develop kinetic rate expressions for
A phenol the destruction of phenol. The effects of the addition of hy-
B oxygen droquinone as a free radical initiator abutanol as a free
Ca concentration of phenol in the aqueous radical scavenger on wet oxidation of phenol were studied

phase (kmol m3) in presence of this catalyst at near neutral conditions and
Cg concentration of oxygen in the bulk liquid also in a strongly alkaline medium.

phase (kmol m?)
ki  forward reaction rate constant in Eq. (3)

((kmolm~3)¥/2 min~?) 2. Experimental
k_1 backward reaction rate constant in Eq. (3)

(kmol m~3min~1) 2.1. Materials and catalyst preparation
ko reaction rate constant in Eq. (4) (miH
ks reaction rate constant in Eq. (5) Phenol and all other reagents used for COD analysis

(kmolm~3min—1) were of analytical reagent grade and were purchased from
ka  reaction rate constant in Eq. (6) s.d. Fine Chemicals, Mumbai, India. Ruthenium trichlo-
ks surface reaction rate constant in Eq. (1) ride trihydrate (pure) was obtained from SISCO Research
Ka  adsorption equilibrium constant for A in Eq. (1 Laboratories, Mumbai. High surface area titania (Degussa,
Kg adsorption equilibrium constant for B in Eq. (1 Germany) was used as a support. Oxygen from a cylinder
n  stoichiometric coefficient in expression (6) with a minimum stated purity of 99.5% was obtained from
r overall rate of reaction (kmol kg cat min) Industrial Oxygen Company Ltd., India, and was used for
X active site oxidation. All water used in experimentation and cleaning

was distilled.

In order to prepare the 5% Ru/TiQcatalyst, an aque-
ous solution containing an appropriate amount of ruthenium
trichloride trihydrate (RuGl3H,0) in deionized water was
rapidly contacted with the finely divided titania support and
the slurry was stirred for an hour at room temperature. This
d provided the degree of intimate contact between species that
was desired. The slurry was then contacted with an aqueous
solution of sodium hydroxide to precipitate ruthenium as a
hydroxide. It was then stirred again and heated at@&6or
1h. After settling, the top aqueous layer was separated from
the precipitate below. Deionized water was then added to the
precipitate and this solution was then allowed to digest at
80°C for an hour to provide homogeneity to the catalyst. Af-
ter about an hour, excess of formaldehyde and an additional
amount of sodium hydroxide were added to the mixture to

carboxylic acids. Acetic acid is very difficult to oxidize to
CO; and HO. As a result, the destruction of phenol by wet
oxidation results in a stream exhibiting finite COD due to the
presence of low molecular weight acids. In contrast to plat-
inum, ruthenium is an active metal for oxidation of acetic
acid in an agueous medium, particularly when it is supporte
on carbon or graphite [5]. Moreover, ruthenium is cheaper
than platinum. Wet oxidation of phenol has also been stud-
ied in the presence of Ru/Ce(®]. Previous studies carried
out by Beziat et al. [7] indicate a high stability of the ti-
tania supported ruthenium catalyst, when used in an acidic
and oxidizing medium for oxidation of agueous solutions of
carboxylic acids. Bearing this in mind, a ruthenium catalyst
supported on titania was selected for the present studies.
Since wet oxidation lsa free radical as S'SFe.d. process, it 'S ensure the completion of reduction and heating 2i@Was
expected that the addition of a free radical initiator will in- . . .
. . ; continued for another hour. This was followed by cooling,
crease the overall rate of reaction. Likewise, the presence of .~ . ! . . . :
. L filtration, washing and drying. A silver nitrate solution was
a free radical scavenger will inevitably have an adverse effect : ;
L ! used to ascertain the absence of @ns. The main charac-
on the rate of oxidation. The waste, at times, may have free

X : . . - ~teristics of this catalyst are listed in Table 1. The character-
radical generators or scavengers depending upon its origin.,

There is scanty information available in the published litera- ization was conducted in a BET apparatus (Micromeritics

ture on this aspect. Recently, Vaidya and Mahajani [8] have Model ASAP 2010). The particle size range was determined

studied how the free radical generator and scavenger affectby using a particle size analyzer (Coulter LS 230).

wet oxidation of phenol in the presence and absence of ho-

mogeneous catalyst. So, it would be worth investigating the Tapje 1

effects of the presence of a free radical initiator and a scav- Characteristics of the heterogeneous catalyst Ry/TiO
enger on the course of wet oxidation, especially in presenceget ¢, rface area ) 58.3
of a heterogeneous catalyst. These studies would enable @xternal surface area g1 59.9

thorough insight into heterogeneous catalytic wet oxidation. Micropore volume (crig=2) 0.001
In the present investigation, catalytic wet oxidation of Average pore diameter Gy 333.2
phenol was studied over a 5% Ru/TiCatalyst at near ney- ~ Particle size rangey(m) 760
Mean diameter {m) 30.2

tral conditions(pH ~ 6.5). Also studied was the influence
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Fig. 1. Schematic diagram of experimental set-up for wet oxidation: PI, pressure indicator; Tl, temperature indicator; S|, speed indicattonR, reac
vessel/autoclave; T, thermocouple; H, electric heater; RD, rupture disk; |, impeller; GS, gas sparger; SC, sample condenser; CY, gas cylinder.

2.2. Experimental set-up sample was withdrawn. This was considered ‘zero’ time for
the reaction. Oxygen from the cylinder was then sparged into
Phenol was oxidized in an SS-316 Parr high pressure re-the liquid phase directly beneath the impeller to attain the
actor of capacity 0.3df The reactor was equipped with ~ desired partial pressure of oxygen. The wet oxidation reac-
an electrically heated jacket, a turbine agitator and a vari- tion being exothermic, the temperature increased and it was
able speed magnetic drive. The temperature and the speedhaintained constant by means of cooling water. The amount
of agitation were controlled by means of a Parr 4842 con- of oxygen was far in excess than that theoretically required.
troller. The gas inlet, gas release valve, cooling water feed Samples were withdrawn periodically after sufficient flush-
line, pressure gauge and rupture disk were situated on toping of the sample line. The consumption of oxygen due to
of the reaction vessel. The liquid sample line and the ther- reaction as well as due to small sampling led to decrease in
mocouple well were immersed in the reaction mixture. A the total pressure as indicated on the pressure gauge. So more
chilled water condenser was fitted on the sample valve exit oxygen was charged intermittently from the cylinder through
line to avoid flashing of the sample. The reactor was also manually operated control valve to make up for that con-
provided with a cooling coil. A schematic diagram of the sumed during the reaction, thus maintaining a constant total

experimental set-up is shown in Fig. 1. pressure. The entire system was in batch mode. In some typi-
cal experiments, sodium hydroxide was added to the feed so-
2.3. Experimental procedure lution to adjust its pH. Some experiments were conducted in

a vessel wherein a glass liner was placed inside the reactor to

The reactor was first charged with 0.15%of an aque- eliminate the destruction of free radicals by the reactor wall.
ous solution of phenol and a predetermined amount of
the catalyst. The catalyst concentration was maintained at
0.5kgnT3, unless stated otherwise. The reactor was then 3. Product analysis
purged with nitrogen, prior to the start of the experiment
to ensure an inert atmosphere inside the reactor. All the The standard dichromate reflux method was used for COD
lines were closed. The speed of agitation was adjusted to aanalysis [9].
pre-determined value. The reaction temperature was set. The In order to detect acetic acid formed as an intermedi-
reactor contents were heated to the desired temperature and ate, if at all, during wet oxidation of phenol over Ru/BiO
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samples of the reaction mixture withdrawn at preset reaction 1. The mechanical agitation was sufficient to maintain the

times were analyzed by gas chromatography (GC instrument  solid particles in the suspension. No settling of the solid

used: Chemito 3865, Toshniwal Instruments India). A glass  particles occurred and the entire surface area was avail-
column (Carbopack BD-A 4% and Carbowax 20 M, length able for chemical reaction. This was observed at room

2m, diameter 0.63 cm) was used for the purpose in the flame temperature in a glass reactor having a similar intensity
ionization detector (FID) mode of operation. of turbulence in the bulk liquid phase.

High performance liquid chromatography (HPLC, 2. Desorption of the products offered no resistance.
TOSOH Instruments) using a UV-8010 detector set at a
wavelength of 230 nm determined the residual phenol con-
centration with the help of an RP 18 (Merck) HPLC column.
A mixture of methanol (50%) and deionized water (50%)
was used as the mobile phase at a flow rate of 1 mttin
The use of HPLC technique also facilitated the identifica-
tion of a number of reaction intermediates. Hydroquinone,
maleic acid, oxalic acid and propionic acid were among the
various intermediates identified.

The error in all experimental measurements was less than
3%.

The kinetics of wet oxidation of phenol was studied in
the presence of the heterogeneous catalyst Ry/E&®peri-
ments were performed over a range of temperature, pressure
and catalyst loading. Samples were analyzed for phenol as
well as for COD content in order to determine and hence
present a model for the phenol degradation rate. This is ex-
pected to aid design of a commercial contactor.

4.1. Mass transfer considerations

The effect of speed of agitation on the rate of reaction was
studied in the range of 5-20rps at 2@ 0.69 MPa oxy-
gen partial pressure and a catalyst loading of 1 k§.iThe
initial phenol concentration, viz..8 x 10~3kmol m—3 and
the reaction time were the same in all experiments. It was
observed that the rate of destruction of COD (and phenol)
was independent of the speed of agitation above an impeller
speed of 15rps, thus indicating the absence of resistance to
mass transfer of oxygen in the liquid phase and from the lig-
uid to the solid surface. In order to ascertain the absence of
e Transfer of the solute gas oxygen from the bulk of the gas pore diffusion, the catalyst was sieved carefully and exper-

phase to the gas—liquid interface (gas phase mass transfer)lments were performed with two particle sizes in the range

: : ; 25-60 and 150-21jom at 200°C, 0.69 MPa oxygen patrtial
e Instantaneous saturation of the interface with oxygen. ressure and a catalvst loading of 1 kadnThe reduction
« Diffusion of the solute gas through the gas—liquid inter- " Y g 9

O in COD and phenol was monitored with respect to time. It
face to the bulk of the liquid (liquid-phase mass transfer). .
was observed that there was no effect of the size of the cat-
e Transfer of the solute gas to the external surface of the

catalyst particle (liquid—solid mass transfer). alyst particles on the rate of reaction, thereby indicating the

; o effectiveness factor to be unity. From the foregoings, it was
e Transfer of the reactant in the liquid phase to the external . : ; .2
. concluded that it was possible to ascertain true kinetics from
surface of the catalyst particle.

. oo . : experimental data. All further experiments were carried out
e Intra-particle diffusion followed by chemical reaction at :
: at an impeller speed of 20 rps.
the active centers.

¢ Diffusion of the products like C®and HO back into the
bulk of the liquid and finally desorption of CGGrom the
bulk of the liquid to the gas phase.

4. Results and discussion

Heterogeneously catalyzed wet oxidation of phenol is a
complex reaction involving gas-liquid—solid phase opera-
tion. The following steps are involved in series when a
gas—liquid reaction occurs in the presence of solid particles
as a catalyst:

4.2. Effect of temperature

Experiments were conducted at 175, 185 and “ZD@t

Doraiswamy and Sharma [10] have presented an excel-0.69 MPa oxygen partial pressure with a catalyst loading
lent account of insight into such gas—liquid—solid operation of 0.5kgnT to study the effect of temperature with re-
known as slurry reactor (if solid catalyst is suspended) or sults presented in Fig. 2. In all these experiments, the initial
trickle bed reactor (solid catalyst is confined to a bed). Ow- COD was 2 kg m?3. The reaction proceeded rather slowly at
ing to the high diffusivity of oxygen in the gas phase and 175°C. However, at 200C, phenol degradation was com-
its low solubility in water, the gas phase mass transfer resis-plete and COD removal was around 94% at the end of
tance was estimated to be negligible. The intensity of tur- an hour. Thus, an increase in temperature significantly in-
bulence in the liquid phase would then decide the extent of creased the rate of reaction.
resistance offered to the liquid-phase mass transfer and the
transfer of phenol and dissolved oxygen in the liquid phase 4.3. Effect of oxygen partial pressure
to the external surface of the catalyst particle.

The following assumptions were made while studying het-  The effect of oxygen partial pressure on the catalyst
erogeneous catalytic wet oxidation of phenol: performance was studied over the range of oxygen partial
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Fig. 2. Effect of temperature (Opressure 0.69 MPa, initial COD 2 kgt initial pH 6.5, catalyst loading 0.5kgmd): (#) fraction of residual COD
at 175°C; (M) fraction of residual COD at 18%C; (A) fraction of residual COD 200C; (<) fraction of phenol converted at 178; ((J) fraction of
phenol converted at 18%; (A) fraction of phenol converted at 20C.

pressures 0.34-1.38 MPa at I&5 using a catalyst load-

ing of 0.5kgnT3. The results are shown in Fig. 3. These
results indicated that the rate of reaction increased with an

increase in the oxygen partial pressure.

It was expected that the catalyst loading would have a
positive effect on the rate of reaction. Experiments were

4.4, Effect of catalyst loading
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Fig. 3. Effect of Q pressure (185C, initial COD 2kgnt?3, initial pH 6.5, catalyst loading 0.5kgm): (M) fraction of residual COD at 0.69 MPa;
(A) fraction of residual COD at 1.38 MPa{) fraction of phenol converted at 0.34 MP&]Y fraction of phenol converted at 0.69 MP##) fraction
of residual COD at 0.34 MPay) fraction of phenol converted at 1.38 MPa.
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Fig. 4. Effect of catalyst loading (18%, system pressure 1.79 MPag Pressure 0.69 MPa, initial COD 2 kg™, initial pH 6.5): (@) fraction of residual
COD at 0.5g/I; W) fraction of residual COD at 0.75 g/IA) fraction of residual COD at 1 g/I;<¢) fraction of phenol converted at 0.5 g/[Jj fraction
of phenol converted at 0.75 g/IA] fraction of phenol converted at 1 g/l.

performed with no catalyst as well as with 0.5, 0.75 and a mechanism. Alternatively, a mechanism which involves
1 kg m—3 of catalyst concentration, at 186 and 0.69 MPa  surface reaction between adsorbed phenol and adsorbed
oxygen pressure with results for both COD and phenol oxygen as the rate controlling step might be prevailing. So,
degradation shown in Fig. 4. Catalyst loading results indi- in the presence of this catalyst, it is difficult to compute a
cated that the presence of the catalyst significantly increased

the rate of reaction. As expected, the rate increased with

the amount of catalyst achieving complete phenol degrada- 190
tion rapidly. The enhancement in the rate of COD reduction 90 |
in presence of this catalyst was even more pronounced at ¢
temperature of 200C as shown in Fig. 5. 80 -

70 -

4.5. Kinetic model for phenol oxidation
60 -

duction

An attempt was made to develop a kinetic rate expression® gq -
for heterogeneous catalytic wet oxidation of phenol. The dis- § -
appearance of phenol was monitored which was of interestg 40 -
from environmental engineering point of view as phenol is ° 30 | °
considered to be one of the priority pollutants. Non-catalytic
wet oxidation of phenol might have been significant under 20 1
the conditions employed for this study. So, strictly speaking,

the rates of reaction for non-catalytic wet oxidation need to 10

be subtracted from those observed in the presence of the cat 0 . . :

alyst in order to highlight the true effect of the catalyst on the 0 20 40 60 80
rate of reaction. However, Ticrystal lattice when excited Time in min.

might donate its oxygen for reaction with adsorbed phenol
9 Y9 P Fig. 5. Effect of the presence of catalyst Ru/ZiGn percentage of COD

a_md itself get re-oxidized by mOI_ECUIar_ oxyg_en from solu- reduction (200C, system pressure 2.27 MPg fressure 0.69 MPa, initial
tion. Maugans and Akgerman [4] in their studies on wet 0x- cop 2kgnr?3, initial pH 6.5, catalyst concentration 0.5kg#f): (%)

idation of phenol over a Pt/Tigcatalyst have explored such  without catalyst; () with catalyst.
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true measure of the role of oxygen from solution in the com- (expression (5)). Applying stationary state hypothesis to the
pletion of reaction. We do not know which possibility pre- complexes BX and ABX, the overall rate of the reaction
vails and hence we have refrained ourselves from separatingcould be expressed as
the effects of catalytic and non-catalytic wet oxidation.
: : kikoCaCal®

When a simple power law model was fitted, the order , _ 12tatp @)
with respect to oxygen was observed to be 0.5 indicating  k_1 + k2Ca + k1Cy/? + kakoCaCa/?/ k3
adsorption of oxygen by dissociative way. As mentioned

earlier, assuming that both phenol and oxygen are adsorbquvaluation of this model resulted in a better fit of the exper-
on the same type of active sites and that surface reactionimental data when compared to the model discussed earlier.

. 1/2 .
between adsorbed phenol and adsorbed oxygen is the rat&loreover, plots ofCg/%Ir vs. 1Ca at various temperatures

controlling step, the following rate expression is obtained: and constant oxygen concentration were linear as shown in
Fig. 6. These were of the form

KaKy?ksCaCY/? g
r= 1 12,1/2.5 (1) cy 1
(1+ KaCa + Kg'"Cg'") =a Ca +0b (8)
r A

Pintar and Levec [11] have studied wet oxidation of phenol

inthe presence ofa Cata|yst Comprising of Supported Copper,Wherea andb denote the SIOpeS and intercepts at various
zinc and cobalt oxides and have proposed a model wheretemperatures, respectively. Eq. (8) can be rearranged as
the rate determining step was the surface reaction between (1/a)CACl/2

adsorbed phenol and adsorbed oxygen. Maugans and Akgery = -~ "2 "B 9)
man [4] also have studied a similar model for the degradation 1+ @/a)Ca

of phenol in presence of the heterogeneous catalyst RUTIO  sjnce oxygen was in excess (about three times) and pres-
However, statistical analysis of the experimental data gen- g;re was constan€g was constant. The value 6% can be
erated using Eq. (1) proved to be unsatisfactory. So an al-determined from a knowledge of oxygen solubility at these
ternative mechanism was suggested in which phenol in theconditions. Moreover, at any given temperature, the individ-
liquid phase reacts with dissociatively adsorbed oxygen to | rate constants in Eq. (7) are constant. So, Eq. (7) can be
form a complex. This complex is decomposed further to gimplified to a type similar to Eq. (9). Since Eq. (9) correctly
form intermediates which react with oxygen to form £0  correlates with the experimental data, the model represented
and HO. As per this mechanism, the following series of py Eq. (7) stands validated. The values of various rate con-
steps was proposed for the overall reaction and the mechastants in Eq. (7) obtained at 186 by using non-linear re-
nistic treatment presented here follows that by Smith [12]: gression analysis [13] and the 95% confidence intervals are
CeHsOH + 0, — Intermediates- CO;, + H,0 2 as reported in Table 2. A comparison of the phenol concen-
trations predicted by this model and those observed is as in

(a) Reversible adsorption of oxygen by a dissociative mech- Fig. 7.

anism forming an oxidized site on the surface of the

catalyst. 4.6. Insight into heterogeneous catalytic
(b) Reaction of this oxidized site with phenol in the liquid Wet oxidation of phenol

phase to form a complex.
(c) Decomposition of this complex into intermediate prod- 4.6.1. Effect of Pyrex liner

ucts, according to a rate constaat The role of the metal walls of the reactor in the termi-
(d) Further reaction with more oxygen to give €@nd nation of free radicals, which promote oxidation was stud-
H20. ied in the presence of heterogeneous catalyst Ry/THOr

this purpose, an experiment was conducted at°C7H a
glass-lined vessel placed inside the reactor. The rate of re-
action was enhanced in the presence of the Pyrex liner. It

If A and B denote phenol and oxygen, respectively, the
individual reactions according to this mechanism are:

1B, 4+ X g BX 3) is \_Nell. known that hydroge_n peroxidg is formed during wet

2 ky oxidation of phenol. The increase in the rate of reaction
could be possibly due to the fact that in the presence of the

BX + A(aqueou}sgABX 4) liner, the me_:tal walls of the reactpr (SS_ 316) did npt_destro_y
the free radicals. These free radicals, in turn, participated in

ABXEIntermediatesk %Bz +X (5) the reaction, thereby increasing its ratg. quaczkowski et.al.
[14] have studied non-catalytic wet oxidation of phenol in

Intermediates- nBngOZ + Hy0 ©6) a glass-lined vessel placed inside the reactor and have ob-

served similar results. The conclusion here is that the mate-
The decomposition of the complex ABX formed into in- rial of construction of the reactor influences the overall rate
termediates was considered to be the rate determining stepf reaction even in heterogeneously catalyzed reaction (may
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Fig. 6. Plots ofCé/zlr vs. 1Ca at various temperatures §Qpressure 0.69 MPa, initial COD 2 kg™, initial pH 6.5, catalyst loading 0.5 kgTH).

Table 2
Parameters in expression (7) at P8 with 95% confidence intervals ¢Opressure 0.69 MPa, initial phenol concentratiof 8 10-3 kmol m~3, initial
COD 2kgnt3, initial pH ~ 6.5, catalyst loading 0.5 kg n¥)

ki ((kmolm=3)/2min—1) ko (min~1) ks (kmolm—3min~1) k_1 (kmolm=3min—1)

10+ 2335 208x 101 +7.17x 102 7.58x 103 +218x 1073 2x102+3x10°3

0.01

0.009
0.008 -
0.007 -
0.006 -
0.005 -

0.004 -

Phenol concentration, kmol m™

0.003

0.002

0.001 -

0 T T T T T T
0 10 20 30 40 50 60 70
Time in min.

Fig. 7. Phenol concentration vs. time at various temperatures: experimental vs. predicted values (expressignp(égs(@ 0.69 MPa, initial COD
2kgm~3, initial pH 6.5, catalyst loading 0.5 kgTd): (®) 175°C, experimental;[(]) 175°C, predicted; &) 185°C, experimental; x) 185°C, predicted.
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be homogeneous and heterogeneous reactions operating iWariation in pH value was achieved by adding sodium hy-

parallel). droxide to the feed solution. The effectiveness of this cat-
alyst in a strongly alkaline medium was evident from the
4.6.2. Effect of the free radical initiator, hydroquinone enhanced rates of reaction in its presence at20The re-

Heterogeneous catalytic wet oxidation of phenol was stud- sults are as shown in Fig. 9.
ied in the presence of the free radical initiator hydroquinone  Catalytic wet oxidation of phenol using heteroge-

at a concentration of.83x 10~4 kmol m~2 at 175°C. Addi- neous Ru/TiQ was studied in the temperature range of
tion of hydroquinone even in such trace amounts enhancedl175-200C, oxygen partial pressure range of 0.41-0.96 MPa
the rate of reaction. and a catalyst loading 0.25-0.75kgtnin a strongly al-
kaline medium. The effects of temperature, oxygen par-
4.6.3. Effect of the radical scavenger, t-butanol tial pressure and catalyst loading on COD reduction are

In order to study the influence of the free radical scavenger shown in Figs. 10-12, respectively. It was observed that as
t-butanol on catalytic wet oxidation of phenol, an experiment temperature, oxygen partial pressure and catalyst loading
was performed in the presence ofi5 102 kmol m3 of increased, reduction in COD also increased. For a catalyst
t-butanol at 175C. Even in the presence of heterogeneous loading of 0.5 kg N3, a maximum COD reduction of 90%
catalyst, the presence Bbutanol reduced the rate of degra- was achieved at 20@ in 1 h. In all these experiments, the
dation of phenol. Stoffler and Luft [15] in their studies on degradation of phenol was rapid.
wet oxidation ofp-toluenesulfonic acid in the presence of Experiments were performed at 175 at 0.69 MPa oxy-

t-butanol obtained similar results. gen partial pressure with a catalyst loading of 0.5 kgfrat
All these results are presented in Fig. 8. a pH greater than 12 to study the effects of a Pyrex liner,
the free radical initiator hydroquinone and the radical scav-
4.6.4. Influence of pH engert-butanol on the rates of oxidation. As seen earlier, the

The influence of pH on heterogeneous catalytic liquid- rate of reaction was enhanced in presence of the glass-lined
phase oxidation of aqueous phenol was determined in avessel and hydroquinone. However, the reaction proceeded
series of runs performed at an initial pH greater than 12. rather slowly in the presence thutanol. About 62% COD

80

% COD reduction

0 5 10 15
Time in min.

Fig. 8. Effect of Pyrex liner, hydroquinone amdutanol on percentage of COD reduction in the presence of Rp/Gatalyst (175C, system pressure
1.58 MPa, @ pressure 0.69 MPa, initial COD 2kgmh, initial pH 6.5, catalyst loading 0.5kgTd): () 175°C; ((J) Pyrex liner; &) hydroquinone;
(@) t-butanol.
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Fig. 9. Effect of the presence of the catalyst Ru/Ji@h the percentage
of COD reduction in a strongly alkaline medium (20D, system pressure
2.27MPa, Q pressure 0.69 MPa, initial COD 2 kgth, initial pH > 12,
catalyst loading 0.5 kg r?): () without catalyst; [J) with catalyst.

4.6.5. Reaction intermediates

GC analysis indicated that trace amounts of acetic acid
were formed in the presence of heterogeneous catalyst
Ru/TiO,. The phenol concentration was determined by
HPLC. The various other products identified by HPLC
included hydroquinone, maleic acid, propionic acid and
oxalic acid. For an experiment completed at 185with
a catalyst concentration of 1kgmh at near neutral condi-
tions, a maleic acid concentration o31x 10~%kmol m3
was observed at the end of 15min. However, other acids
were detected only in trace amounts.

In a strongly alkaline medium, a different distribution of
reaction intermediates was observed. In this case, the con-
centration of maleic acid was much lower in comparison
to that observed at near neutral conditions. However, oxalic
acid (oxalate) was formed in large amounts. Moreover, at
this pH, the yield of acetic acid (acetate) was substantially
higher. A comparison of the amounts of acetic acid formed
in the absence and presence of this catalyst at°@0
a strongly alkaline medium and at near neutral conditions
is presented in Fig. 14 . The presence of alkali is known
to stabilize acids formed as sodium salts thereby increasing
byproduct acids. It is interesting to note that uncatalyzed
wet oxidation of organic substrates proceeds slowly under

reduction was achieved in 1 hin its presence. The results arestrongly alkaline conditions due to less stability of hydroxyl

as shown in Fig. 13.

radicals. However, while using Ru/Ti@atalyst, the rates of

To summarize, the results indicate that phenol conversion destruction have been enhanced under alkaline conditions.
is markedly affected by pH in the presence of the catalyst For alkaline conditions, the support Ti@ obviously pre-

Ru/TiO;.

ferred to other supports such a$®g and SiGQ due to their

100

% COD reduction

0 T T T
0 10 20 30
Time in min.

40 50 60 70

Fig. 10. Effect of temperature on COD reductiorp(fressure 0.69 MPa, initial COD 2 kg™, initial pH > 12, catalyst loading 0.5 kgmd): (#) 175°C;

(O) 185°C; (x) 200°C.
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Fig. 11. Effect of Q pressure on COD reduction (188, initial COD 2kgnt3, initial pH > 12, catalyst loading 0.5kgmd): (®) 0.41 MPa; [J)
0.69 MPa; (&) 0.96 MPa.

possible interaction with alkali under elevated temperature tion of acetic acid. Hydroquinone, being a free radical initia-
conditions. tor, the reaction mechanism might be altered in its presence.

When pH of the reaction medium was greater than 12, the We postulate that adsorption of hydroquinone on active sites
presence of hydroquinone significantly increased the forma- might be responsible for more acetic acid formation. The

100

% COD reduction

(VR T T T T T T
0 10 20 30 40 50 60 70

Time in min.

Fig. 12. Effect of catalyst loading on COD reduction (285 system pressure 1.79 MPa; Pressure 0.69 MPa, initial COD 2 kg™, initial pH > 12):
(®) 0.25¢g/l; (0) 0.59/; (x) 0.75g/l.
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Fig. 13. Effect of Pyrex liner, hydroquinone amdbutanol on the percentage of COD reduction in a strongly alkaline mediunt C,7&/stem pressure
1.58 MPa, Q pressure 0.69 MPa, initial COD 2 kg, initial pH > 12, catalyst loading 0.5 kgnd): (M) 175°C; ((J) Pyrex liner; E) hydroquinone;
() t-butanol.
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Fig. 14. Effect of pH on acetic acid formation (200, system pressure 2.27 MPap @ressure 0.69 MPa, initial COD 2kgm, catalyst loading
0.5kg n3): () without catalyst at pH 6.5;M) with catalyst at pH 6.5; &) without catalyst at pH- 12; (x) with catalyst at pH> 12.
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Fig. 15. Effect of Pyrex liner, hydroguinone atdutanol on the formation of acetic acid in a strongly alkaline medium {C7%ystem pressure 1.58 MPa,
O, pressure 0.69 MPa, initial COD 2 kg, initial pH > 12, catalyst loading 0.5 kgn3): (¢) 175°C; (M) Pyrex liner; @A) hydroquinone; k) t-butanol.
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Fig. 16. Reusability of the heterogeneous catalyst R TiB5°C, system pressure 1.79 MPa; Pressure 0.69 MPa, initial COD 2 kgt initial pH
6.5, catalyst loading 0.5 kgTd): (@) fresh catalyst; [(J) reused catalyst.
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large number of free radicals formed rapidly tend to destroy  over, when the pH was greater than 12, the amount of ace-
these intermediates further to acetic acid. However, during tic acid formed in its presence was very high. Therefore,
the course of the reaction, these free radicals are destroyed this catalyst can be very promising in the treatment of sp-
and are no more available for oxidation of the large amounts  ent caustic containing phenolics where high rates of COD
of acetic acid formed. Hence acetic acid tends to accumu- reduction can be achieved and the large amounts of acetic
late in the system. This is of significance in actual treatment acid formed can be recovered, thus obtainimgalth
of industrial wastes where high rates can be obtained by from waste.
the presence of a solid catalyst along with an initiator, thus e The free radical initiator hydroquinone exhibited a marked
reducing severity of the conditions required for oxidation.  increase in the rate of destruction of COD (phenol) under
Acetic acid, formed in large amounts, can then be recovered alkaline conditions on Ru/Ti@catalyst.
as a valuable product.
As expected, acetic acid formed in the presence of the

glass liner at pH greater than 12 was much lower than that Acknowledgements
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