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A B S T R A C T

In the present work, catalytic wet air oxidation of the model nitrogenous organic compound quinoline was
studied in a slurry reactor over 5% Ru/C catalyst between 423 and 598 K temperature, 0.34 and 2.07MPa
oxygen (O2) partial pressure, and 0.025 and 0.1 kgm−3 catalyst loading. This catalyst was very effective, thereby
suggesting its utility for the oxidative destruction of wastewaters polluted by nitrogenous organic compounds.
From analysis of the mass transfer effects, it was found that the investigated reaction belonged to the kinetics-
controlled reaction regime. Kinetic data on TOC destruction were fitted to a two-step first-order power law
model: the first step was fast, whereas the second step was slow. The values of activation energy for the two steps
were 29 and 93 kJmol−1. Among the hyperbolic models tested, the model with a slow surface reaction between
chemisorbed TOC and dissociatively adsorbed O2 was most appropriate. The fate of the nitrogen atom in the feed
solution and its conversion to nitrite and nitrate ions, ammonia and nicotinic acid was established. Finally, it was
corroborated that the reaction was fast when pyrex liner was used inside the reactor because free radicals were
not destroyed by the reactor wall.

1. Introduction

The effective destruction of industrial wastewaters contaminated
with refractory organic pollutants constitutes a crucial task.
Nitrogenous organic compounds are an important class of toxic con-
taminants in wastewater that cause acidification and eutrophication of
the ecosystem [1]. Chemical and pharmaceutical industries are the
major sources of such pollutants. Some important examples of different
classes of nitrogenous organics are amines, amides, nitriles, nitro, ani-
lines, ammonia and heterocyclic nitrogen-bearing compounds. Tradi-
tional treatment techniques include physical methods (adsorption, re-
verse osmosis etc.), chemical methods, incineration or advanced
oxidation (e.g., wet air oxidation) [2].

In the present work, the suitability of wet oxidation for destruction
of nitrogen-bearing organic compounds was investigated. In catalytic
wet air oxidation (CWAO), complex refractory organics and some oxi-
dizable inorganics can be treated with air or oxygen (O2) at high tem-
perature (423–598 K) and pressure (0.5–20MPa) by using homo-
geneous or heterogeneous catalysts. There are many useful reviews
available on this topic [2–5]. Especially, CWAO of nitrogenous organic
compounds was described in detail by Oliviero et al. [6] and Padoley
et al. [7]. Recently, the oxidative destruction of some important ni-
trogenous organic compounds (such as 6-aminopenicillanic acid, clox-
acillin and paracetamol) in subcritical water was investigated [8,9].

Quinoline (QN) is a nitrogen-bearing organic pollutant commonly

found in industrial wastewaters. It was chosen as the model compound
for this study, due to its refractory nature. It is typical of N-heterocyclic
compounds. It is a common contaminant of ground water and soil, due
to its low biodegradability and high solubility in aqueous solutions
[10]. QN and its derivatives are toxic for animals and human beings,
due to carcinogenic and mutagenic activity [11,12]. So far, there is just
scarce information on the oxidative destruction of QN. For example,
useful works on non-catalytic wet air oxidation of QN were earlier re-
ported by Thomsen’s group [10,13]. Guimaraes et al. [14] employed a
heterogeneous Cu-doped goethite catalyst for Fenton oxidation of QN.

The efficacy of catalysts for reducing the severity of wet oxidation
process and the residual toxicants (NH3 and NOX) is renowned. Among
the heterogeneous catalysts, noble metals (Pt, Rd, Rh and Ru) and other
metal catalysts (Co, Ni, Cr, Fe, Mn, Mo and Cu) are promising.
Ruthenium-based catalysts have attracted wide attention [15,16]. In
particular, Ru/C is very efficient for the reactions with nitrogenous
organics [17] and other model compounds such as phenol and acrylic
acid [18].

In this work, we employed Ru/C catalyst for wet oxidation of qui-
noline. We performed a thorough analysis of the mass transfer effects
and investigated reaction kinetics of destruction of total organic carbon
(or TOC) for the first time. Besides, we also studied the fate of the ni-
trogen atom in the feed solution and established its conversion to nitrite
and nitrate ions, ammonia and nicotinic acid.
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2. Experimental section

2.1. Chemicals

QN and reagents used for TOC analysis were of analytical reagent
grade. Acetonitrile solvent used for High Performance Liquid
Chromatography (HPLC) analysis was of HPLC grade and purchased
from S.D. Fine Chemicals, Mumbai, India. The O2 gas cylinder was
procured from Inox Air Products, Ltd., India (purity> 99.5%). A
commercial 5% Ru/C catalyst with 50 μm mean particle size was sup-
plied by Arora-Matthey Ltd., Kolkata.

2.2. Experimental setup and procedure

A high-pressure reactor (capacity 600mL), made of SS-316 and
purchased from Parr Instrument Company, USA, was used in all ex-
periments. It was supplied with Parr 4842 controller. A complete de-
scription of the entire setup was provided in our previous works [16].
Inside the reactor, a pyrex liner was placed. The reactor was charged
with 250mL of an aqueous solution of QN (0.1 g/L) and catalyst. Before
starting the experiment, the reactor was purged with N2 to ensure an
inert atmosphere. After ensuring that all lines were closed, the speed of
agitation was set at 1000 rpm. Also, the reaction temperature was set at
its desired value. After heating, the first liquid sample (1mL) was
withdrawn and this was regarded as time zero. Then O2 from the cy-
linder was sparged at the desired O2 partial pressure using the gas
sparger situated beneath the impeller. The total pressure shown by the
pressure gauge was the sum of water vapour pressure and O2 pressure.
As wet oxidation reaction is exothermic, the temperature slightly in-
creased but was quickly controlled by passing cooling water through a
coil. Samples were withdrawn periodically after sufficiently flushing
the sample line. Six samples were taken: the initial three at time in-
tervals of 10min and the next three after 30min each. Since the pres-
sure decreased due to O2 consumption and sampling, more O2 was
charged to maintain constant total pressure. After 2 h of reaction, the
reactor was allowed to cool to ambient temperature using cooling
water. To trap all gaseous ammonia in the reactor, the off-gases were
absorbed in dilute H2SO4 through a series of absorbers. The range of
reaction variables used in this work was so: temperature 473 to 503 K,
pressure 0.69 to 2.07MPa, and catalyst loading 0.025 to 0.1 kgm−3. To
investigate possible reuse of the catalyst, we performed three successive
experiments using the same catalyst and found marginal loss in TOC
removal activity (< 3%) even after the third trial. Thus, it was evident
that the catalyst employed in this work could be effectively reused.

2.3. Analytical techniques

Using ANATOC Series II TOC analyzer (SGE Australia), the TOC
content of all samples withdrawn during the experiments was found.
The initial rates of TOC removal were deduced from the TOC vs. time
profile by feeding data to a polynomial expression. The quantitative

analysis of QN was performed by High Performance Liquid
Chromatography (HPLC, Agilent Instruments) using a UV-8010 detector
set at a wavelength of 220 nm and COSMOSIL C-18 column
(250× 4mm). A mixture of HPLC grade acetonitrile (50%) and deio-
nised water (50%) was used as the mobile phase (flow 1mL/min).
Nicotinic acid was also analysed with the same column; the mobile
phase was a mixture of 0.1% hydrochloric acid in deionised water
(80%) and HPLC grade acetonitrile (20%). Other reaction intermediates
like oxalic acid, succinic acid and formic acid were identified by
electro-spray ionization mass spectrometry (ESI–MS). Nitrite (NO2

−)
and nitrate (NO3

−) ions were analysed by High Performance Ion
Chromatography (DIONEX, Sunnyvale, CA, USA) using the Dionex AS
11 column and electro chemical detector (ED 50) in conductivity mode.
The eluent was 10mM NaOH (flow 1.2mL/min). The liquid in reactor
vent gas absorber was also analysed for NH4

+ ions on the same unit
using the CS 14-A column and 10mM methane sulfonic acid as eluent
(flow 0.5mL/min).

2.4. Catalyst characterization

Scanning Electron Microscopy technique (JEOL-JSM 6380 LA
Scanning Electron Microscope) was used to study the surface mor-
phology of the catalyst. An SEM image of the unused catalyst (Fig. 1)
shows a honeycomb shape distinctly. The porous morphology provides
larger surface area for the reaction. Using a Rigaku Miniflex D500
diffractometer and monochromic Cu Kα radiation instrument, the
powder X-ray diffraction (XRD) pattern of the catalyst was obtained
(Fig. 2). The intense sharp peak at 26.1° characterises Ru metal crystal
whereas the other high peak at 43.3° is attributed to carbon. No new
peaks were seen for the spent catalyst. Using Scherrer equation, the
crystallite size was found (9.7 nm). A SMART SORB 93 device was used
to determine other parameters such as the BET specific surface area
(793m2/g), micropore volume (0.4 cm3/g) and average pore diameter
(2.2 nm). Using a Coulter LS 230 particle size analyzer, the mean cat-
alyst particle size (50 μm) was determined.

3. Results and discussion

Degradation of aqueous QN by CWAO is a complex reaction system
with gas-liquid-solid phase interactions. Vaidya and Mahajani [16]
described different transport processes those occur when gaseous O2

reacts with the reactant in the liquid phase in presence of a solid cat-
alyst. Earlier, Doraiswamy and Sharma [19] provided a more compre-
hensive discussion on diffusion limitations. It is renowned that the re-
action must conform to the kinetics-control reaction regime, where
internal and external mass transfer limitations are absent, to study re-
action kinetics.

3.1. Mass transfer considerations

The presence of gas-liquid and liquid-solid mass transfer resistances

Nomenclature

E Activation energy (kJmol−1)
r Rate of the oxidation reaction with respect to TOC

((kgm−3) (kg cat m−3)−1 min−1)
PO2 Partial pressure of O2 (MPa)
kxy Rate constant for x and yth order reaction
HO2 Henry’s constant for O2

k Rate constant defined in Eq. (3)
KO2 Adsorption equilibrium constant for O2, m3 kg−1

KTOC Adsorption equilibrium constant for TOC, m3 kg−1

ks Surface reaction rate constant
rTOC1 Rate of the TOC degradation in fast step
rTOC2 Rate of the TOC degradation in slow step
RSS Residual sum of squares
TOC Total organic carbon
[TOC]0 Initial total organic carbon (kgm−3)
k” Pre-exponential factor
R Universal gas constant
rpre Predicted overall rate ((kgm−3) (kg cat m−3)−1min−1)
robs Observed overall rate ((kg m−3) (kg cat m−3)−1min−1)
t Time (min)
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