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a b s t r a c t

The spent ion exchange resin poses a disposal problem. A novel process, dissolution followed by wet oxi-
dation (WO), for mineralization of the cation exchange resin (gel type) was studied by using homogeneous
CuSO4 as the catalyst. The waste obtained after copper catalyzed dissolution of ion exchange resin by H2O2

was then further treated by wet oxidation for mineralization. The process parameters for dissolution were
eywords:
ation exchange resin (gel type)
ydrogen peroxide
enton chemistry
et oxidation

studied and optimum parameters were established. The wet oxidation was studied in the temperature
range of 453–493 K and the oxygen partial pressure range of 0.34–1.38 MPa at pH 6.5. The kinetic data
were modeled using the power law rate expression in terms of chemical oxygen demand (COD).

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The cation exchange resin in acid form (R-SO3H) is replacing
ulfuric acid as the catalyst in many reactions of industrial impor-
ance such as esterification, etherification, alkylation and so on.
he cation exchange resin is also used in the demineralization of
oiler feed water in high pressure steam generators. In the nuclear

ndustry the cation exchange resin is used to purify reactor coolant
o trap any radioactive cations, for instance cesium in the system.
ver the period, the resin gets deactivated due to loss of sulphonic
cid groups (high temperature desulphonation of cation exchange
esin due to local hot spots or prolonged use at elevated tempera-
ures) and due to heavy metal contamination. The characteristics
f spent resin depend on the actual application. For instance, the
pent resin in the nuclear industry might have severe polymer
atrix degradation due to radioactivity than that used in the chem-

cal process industry (CPI) as the catalyst. The spent resin from
uclear industry needs elaborate treatment processes, which are

xcluded from the scope of this paper. The disposal of spent resin
rom chemical process industry poses a challenge to environment

anagement system. The easiest way to dispose the spent resin
s to have land filling at the designated site by local or state pol-

∗ Corresponding author. Tel.: +91 22 2414 5616; fax: +91 22 2414 5614.
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ution control authority. Incineration of spent ion exchange resin
polymer beads of styrene divinyl benzene copolymer) in a properly
esigned coal fired fluid bed boiler could also be a possible alterna-
ive. Ion exchange resins can also be treated by direct wet oxidation
WO), but due to involvement of aromatic polymeric matrix there is
ossibility of undesirable carbon formation, which might prolong
et oxidation. We have, therefore, concentrated on dissolution of
olymer matrix by Fenton chemistry (H2O2) followed by conven-
ional wet oxidation as an integrated process to mineralize cation
xchange resin in order to address the waste disposal problem.
here is practically no information available in the published lit-
rature on dissolution of resin followed by mineralization of the
issolved mass using wet oxidation process. We, therefore, thought

t is desirable to study the possibility of mineralization of the ion
xchange resin using liquid phase process to aid strategies for final
isposal of spent cation exchange resin.

Kubota [1] has carried out decomposition of cation exchange
esin by a century old Fenton chemistry [2] wherein dissolved Fe
atalyses oxidation of substrate by H2O2 in liquid phase under
cidic conditions. The major disadvantage of the Fenton chemistry-
ased process is that the product exhibits finite chemical oxygen
emand (COD). The acetic acid, oxalic acid formed as low molecular

eight compounds during Fenton reaction are refractory com-
ounds towards oxidation by H2O2 [2]. Recently, Pignatello et al.
3] have presented a comprehensive review on the Fenton process.

The wet air oxidation or wet oxidation provides answers to
bove challenges. Wet oxidation is a powerful environmental engi-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:vvm@udct.org
dx.doi.org/10.1016/j.cej.2008.09.018
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Nomenclature

COD chemical oxygen demand (mg L−1)
[COD]i initial COD (mg L−1)
[COD]t COD at time ‘t’ (mg L−1)
[CuSO4] concentration of copper sulfate (kmol m−3)
E energy of activation (kJ mol−1)
HO2 Henry’s constant for O2 (kmol m−3 MPa−1)
k rate constant
ko pre-exponential factor
m order with respect to O2
n order with respect to COD
[O2] oxygen concentration (kmol m−3)
p order with respect to catalyst loading
PO2 partial pressure of O2 (MPa)
r rate of oxidation reaction with respect to COD reduc-

tion (mg L−1 min−1)
R universal gas constant (8.314 J mol−1 K−1)
t time (min)
T temperature (K)
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Table 1
Characterization of the virgin cation exchange resin.

Type Strongly acidic gel type
Ionic form H+

Functional group SO3
−

Matrix Crosslinked polystyrene divinyl benzene
E
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Fig. 1. The reactor had an anchor type impeller of 60 mm diameter
made of glass as depicted in Fig. 1. The speed of agitation was main-
tained at 4.2 rps. In each experiment calculated amount of cation
exchange resin and catalyst (FeSO4 or CuSO4, as the case may be)
TOC total organic carbon (mg L−1)

eering process for the mineralization of toxic aqueous effluents,
hich cannot be either biotreated or too dilute to incinerate [4].

t is a subcritical mineralization of pollutants. The enhanced solu-
ility of oxygen in aqueous solutions at elevated temperatures and
ressures provides a strong driving force for oxidation. The free
adical reaction proceeds through formation of various interme-
iates before total mineralization takes place. The low molecular
eight acids are the stable intermediates formed. Many times their

xidation to CO2 and H2O is the rate-controlling step. Depending
pon substrate exhibiting COD, the temperature used during wet
xidation process varies between 420 and 550 K and the partial
ressure of oxygen varies between 0.1 and 3 MPa. The system pres-
ure will be higher depending upon the temperature of operation
nd hence prevailing water vapour pressure. Also the system pres-
ure depends upon purity of O2 used varying from 90% O2 to air
ontaining about 21% O2. In order to reduce the severity of operat-
ng conditions and to achieve highest mineralization homogeneous
s well as heterogeneous catalysts have been used [4–6]. Shende
nd Mahajani [7,8] and Shende and Levec [9] have studied wet
xidation of some acids, which are refractory products of Fenton
hemistry.

The characteristics of spent resin would vary depending upon
he source. In order to have uniform resin we have used ‘virgin’
el type cation exchange resin to demonstrate the process at bench
cale.

To mineralize cation exchange resin, it was thought desirable
o dissolve the cation exchange resin first by the process demon-
trated by Bibler and Orebaugh [10], wherein the dissolution of
ation exchange resin was carried out by partial oxidation (Fen-
on process continued up to certain extent) to make the polymer

atrix by degradation, more hydrophilic thereby make it to dis-
olve in water completely. Further this process requires less amount
f H2O2 than that of the process demonstrated by Kubota [1]. The
issolution process can be then followed by wet oxidation. In order
o keep operating cost lower it is desirable to have consumption of
2O2 as minimum as possible.
We, therefore, present here bench scale research investigation
f a hybrid process FENTWO, Fenton process (dissolution) followed
y wet oxidation to mineralize virgin cation exchange resin in gel
orm.

F
c
i

xchange capacity 1.8 mequiv./ml of wet resin
article size range 0.3–1.2 (mm)
oisture content 47–53% (w/w)

. Experimental

.1. Chemicals

The cation exchange resin used was of nuclear grade gel type
strongly acidic) resin INDION-223H, of Ion exchange (India) Ltd.
he characteristics of the virgin cation exchange resin have been
epicted in Table 1. Hydrogen peroxide (30%, w/v), copper sulfate,
errous sulfate and all other reagents used for chemical oxygen
emand analysis were of analytical reagent grade, purchased from
.d. fine Chemicals, Mumbai, India. Oxygen from gas cylinder with
minimum stated purity of 99.5% was obtained from Inox Air Prod-
cts Ltd., India. The enzyme catalase (crystal suspension in water
as obtained from Merck Co., Germany). Peroxide test strips for

uick indication of H2O2 were also obtained from Merck Co., Ger-
any. All solutions were prepared in distilled water.

.2. Experimental set-up and procedure

We present experimental set-up and procedure for both pro-
esses, namely Fenton process to dissolve the resin and wet
xidation of the dissolved resin, separately.

.2.1. Dissolution of resin
The dissolution studies were carried out in a 300 cm3 capacity

ith i.d. 70 mm mechanically agitated glass reactor, immersed in a
onstant temperature bath. The details of the reactor are shown in
ig. 1. Schematic diagram of experimental set-up for dissolution process (CWin,
ooling water inlet; CWout, cooling water outlet; H, heater; S, sampling port; I,
mpeller; TIC, temperature indicator and controller; T, temperature sensor).
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ig. 2. Schematic diagram of experimental set-up for wet oxidation (PI, pressure
hermocouple; H, electric heater; RD, rupture disc; I, impeller; GS, gas sparger; SC
ooling water outlet; S, solenoid valve).

ere added into the solution to be treated. The pH was adjusted to
esired value by sulfuric acid. About 150 cm3 of aqueous suspen-
ion was used in each experiment. After setting the desired speed of
gitation and temperature, hydrogen peroxide (30%, w/v) was then
dded batchwise at fixed intervals to avoid degradation of H2O2
y temperature and to prevent excessive temperature rise during
he reaction. Before adding next quantity of H2O2 it was ensured
hat the concentration of free H2O2 in the liquid was less than
mg L−1 as indicated by peroxide test strips (Merck make). The time

equired for dissolution was determined visually by taking a sample
y wide bored pipette and holding it against the high intensity light.
rior to the analysis of the reaction mixture for COD, the enzyme
atalase solution was added to knock off any unreacted hydrogen
eroxide (if any, though complete H2O2 consumption was ensured
y using peroxide strips before stopping the dissolution reaction),
emained in the reaction mixture. This is done because free H2O2
n the presence of catalyst would degrade the dissolved mass fur-
her and thus alter the characterization (COD, total organic carbon
TOC) and intermediates). This ensured that the resin solution of
niform quality. But in commercial operation one can keep H2O2
herein to facilitate catalytic wet air peroxidation. Many experi-

ents were duplicated to examine the reproducibility and the error
n reproducibility was found to be less than 3%.

.2.2. Wet oxidation
The wet oxidation studies were carried out in SS-316 Parr High

ressure Reactor of 600 cm3 capacity equipped with a Parr 4842
ontroller (Parr Instruments Company, USA). The details of the reac-
or are shown in Fig. 2. The reactor was equipped with a pressure
ndicator, a gas sparging tube into the liquid phase beneath the
mpeller. The impeller speed was varied between 0 and 20 rps with
variable speed motor. The reactor was also provided with a rup-

ure disc as well as a non-return valve at the gas inlet as a safety
evice. The liquid samples were collected through a chilled water

ondenser-cum-cooler mounted on the reactor. The reactor was
rst charged with 300 cm3 of an aqueous solution of known COD
nd a predetermined amount of catalyst (CuSO4). The reactor was
hen purged with nitrogen, prior to the start of the experiment to
nsure an inert atmosphere inside the reactor and to check the

3

e

tor; TI, temperature indicator; SI, speed indicator; R, reaction vessel/autoclave; T,
ple condenser; CY, gas cylinder; C, cooling coil; CWin, cooling water inlet; CWout,

eaks. All the lines were closed. The speed of agitation was adjusted
o a predetermined value. The reaction temperature was set. The
eactor contents were heated to the desired temperature. Once the
emperature was attained, the sample was withdrawn through a
ample condenser. This was deemed to be zero time for the reac-
ion. In the catalytic reaction, a catalyst of known concentration
as added while charging the reaction mixture in a reactor. As

oon as the zero time sample of the reaction was taken, oxygen
as sparged into the reactor to a predetermined pressure level and
aintained at that value while collecting samples for COD analy-

is. In all experiments, it was ensured that oxygen was available
n far excess than that of theoretically required. The experiments

ere carried out at different temperatures, oxygen partial pres-
ures and at various catalyst concentrations for the kinetic study.
he variation in COD measurement was less than 3% during wet
xidation.

.3. Analytical techniques

The standard dichromate reflux method [11] was used for chem-
cal oxygen demand. The total organic carbon was measured with
he help of “ANATOC SERIES II, TOC analyzer, SGE Australia”. The
canning electron microscopy (SEM) analysis was done by using
EOL-JSM6380LA SEM instrument of JEOL Ltd., Japan. Oxalic acid
as analyzed by using high-performance liquid chromatography

Knauer, HPLC model with a pump module no. K-501 and detector
odule no. K-2501) equipped with RP-18 column (Merck make) of

50 mm length and a UV detector at � = 210 nm. A mobile phase
sed was phosphate buffer of pH 2.5 at flow rate of 0.8 ml min−1.
O4

2− was analyzed by using high-performance ion chromatog-
aphy (DIONEX, USA, HPIC model with pump module GS50 and
lectrochemical detector module ED50) equipped with AS 11
olumn (DIONEX make) and an electrochemical detector in con-
uctivity mode. The eluent used was 10 mM NaOH at 0.1 ml min−1.
. Results and discussion

In the present investigation the mineralization of gel type cation
xchange resin was studied by dissolution by Fenton process fol-



3 ineering Journal 148 (2009) 371–377

l
m

3

r

M

M

H

H

2

h
r
a
a
m
(
d
o
o
r
c
o
t
i
H
t
t
t
b
s
p
(
p
o
I
e

3

l
[
l
c
e
i
(
T
d
H
t
r
f
e
t

Table 2
The catalyst for dissolution process.

Catalyst

CuSO4 FeSO4

%Dissolution 100 98–99
F −1
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dissolution was observed. The results depicted in Table 4 show that
the % dissolution improved with increase in the resin loading up to
150 g kg−1 (15%, w/w). But at 300 g kg−1 (30%, w/w) a jelly type
mass was formed which was dissolved in water after dilution to
50%. Further, it was observed that higher resin loading at 15% (w/w)

Table 3
Catalyst concentration.

Catalyst concentration

0.01 kmol m−3 0.02 kmol m−3 0.04 kmol m−3

%Dissolution Jelly was formed 100 100
74 T.L. Gunale et al. / Chemical Eng

owed by subsequent wet oxidation of the resultant dissolved
ass.

.1. Fenton process (dissolution)

The metal ion (M2+) catalyzed Fenton process follows following
eaction pathways:

Main reactions:

2+ + H2O2 → M3+ + OH− + HO• (1)

3+ + H2O2 → M2+ + H+ + HOO• (2)

O• + HOO• + resin → dissolution (3)

Side reactions:

O• + HOO• + dissolved mass

→ low molecular weight compounds + CO2↑ (4)

H2O2 → 2H2O + O2 (5)

During the dissolution reaction various short lived species, viz.
ydroxyl (HO•) and perhydroxyl (HOO•) radicals are formed. HO•

adical is one of the most powerful oxidizers (E◦ = 2.73 V). It is twice
s reactive as chlorine, with an oxidation potential between that of
tomic oxygen and fluorine. These radicals react with the polymeric
atrix and effect dissolution. During dissolution side reactions

Eqs. (4) and (5)) such as further oxidation of the dissolved mass and
ecomposition of H2O2 also take place. H2O2 is costly and danger-
us for storage, so emphasis was given for dissolution only (partial
xidation up to complete dissolution of resin charged) and not to
educe COD. Further, for dissolution process the primary constraint
onsidered was maximum dissolution with minimum requirement
f H2O2 (30%, w/v) per gram of resin in considerably less amount of
ime. So other parameters (catalyst concentration and resin load-
ng) were selected by studying their effect on dissolution in terms of

2O2 requirement and safety constraints associated with the Fen-
on process, i.e. catalyst concentration should be as low as possible
o avoid the possible danger of runaway reaction. The % dissolu-
ion was defined as percentage of initial resin dissolved (on dry
asis). Some preliminary experiments indicated that the good dis-
olution, in our opinion, was possible only at 368 K. The various
arameters for dissolution were studied at 368 K and at initial pH 2
as cation exchange resin is acidic and Fenton process requires low
H). Further at 368 K the reaction exhibited an induction period
f 2.25–2.5 h (no dissolution was occurred in first 2.25–2.5 h).
t was observed that all SO3H was oxidized to SO4

2−, as
xpected.

.1.1. The catalyst for dissolution process
Copper sulfate (CuSO4) has been reported to be very good cata-

yst for wet oxidation, particularly for low molecular weight acids
7,8]. It was, therefore, thought desirable to use CuSO4 as the cata-
yst for the dissolution process as well, in place of the conventional
atalyst FeSO4 used in the Fenton process. In order to study the
ffect of catalyst on the performance of dissolution reaction, exper-
ments were conducted at 368 K with resin loading of 150 g kg−1

15%, w/w) using equimolar amount (0.02 kmol m−3) of catalyst.
he results are depicted in Table 2. It was observed that complete
issolution was possible within 3 h by using CuSO4 as the catalyst.
owever, FeSO4 catalyst required prolonged reaction time (6 h) for
he same dissolution. Further, the dissolution with CuSO4 catalyst
equired less amount of H2O2 than that with FeSO4. The initial pH
or the dissolution process was kept at 2. It was observed by Oliveira
t al. [12] that most favorable pH for Fe2+ catalyzed Fenton reac-
ion was between 3 and 3.5. It was also observed that at pH less

F
F
H

T

inal COD (mg L ) 116,000 103,177
inal TOC (mg L−1) 42,500 40,553
2O2 (30%, w/v) required/g resin charged (ml) 0.53 0.71
ime of reaction (h) 3 6

han 3, the process becomes less effective. This is because at very
ow pH values, the regeneration of the Fe2+ (through the reaction
etween Fe3+ and H2O2) is inhibited because the formation of Fe3+

eroxcomplexes (as intermediates) decreases when pH decreases.
t might not be the case with Cu2+ at low pH. That is possibly why
uSO4 catalyst outperformed FeSO4 catalyst under the experimen-
al conditions. Thus the choice of CuSO4 as the catalyst was obvious
ven for the Fenton process.

.1.2. Catalyst concentration
In order to study the effect of catalyst concentration on

he dissolution, experiments were performed at 0.01, 0.02 and
.04 kmol m−3 of catalyst concentration (Table 3). It was observed
hat at catalyst concentration of 0.01 kmol m−3 jelly was formed.
he quantity of H2O2 required and dissolution time were practically
he same at concentrations of 0.02 and 0.04 kmol m−3 of CuSO4. The
eason behind this was the short span of dissolution reaction as
he reaction exhibited an induction period of 2.25–2.5 h at 368 K.
o the actual dissolution reaction was getting completed within
.5–0.75 h after induction period. The higher catalyst concentration
ay cause vigorous decomposition of H2O2, which can cause dan-

erous conditions as more peroxide is present with large amount
f oxidisable material at higher catalyst concentration. In Fenton
rocess, safety is of prime concern as we handle dangerous H2O2.

t should be noted that many people label H2O2 as ‘green’ chem-
cal because one of the products of degradation is H2O. However,
rom process engineering point of view it is ‘red’ chemical due to
afety issues associated with its handling and reaction. The studies
ertaining to dissolution were restricted at catalyst concentration
f 0.02 kmol m−3. From Table 3, it can be seen that by adding more
uSO4 there is marginal increase in COD/TOC.

.1.3. Resin loading
It was thought desirable to study the effect of resin loading on

issolution using CuSO4 as catalyst. This effect was studied in the
oading range of 30–300 g kg−1 (3–30%, w/w) with 0.02 kmol m−3

f catalyst concentration. The experimental results are tabulated in
able 4. The profound effect of resin concentration on the course of
inal COD (mg L−1) – 116,000 123,000
inal TOC (mg L−1) – 42,500 45,000
2O2 (30%, w/v) required/g
resin charged (ml)

0.53 0.53 0.53

ime of reaction (h) 3 3 3
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Table 4
Resin loading.

Resin loading

3% (30 g kg−1) 15% (150 g kg−1) 30% (300 g kg−1)

%Dissolution 100 100 Jelly was formed
Final COD (mg L−1) 16,700 116,000 –
Final TOC (mg L−1) 7900 42,500 –
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Table 5
Characterization of the products of dissolution.
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3

2O2 (30%, w/v) required/g
resin charged (ml)

1.55 0.53 0.33

ime of reaction (h) 3 3 6

esulted in less consumption H2O2, faster dissolution compared to
3%, w/w).

In order to have a feel of the process of dissolution at microscopic
evel, scanning electron microscopy analysis of the ion exchange
esin during the course of dissolution was done. For this purpose

typical experiment was carried out at 368 K with 150 g kg−1

15%, w/w) of resin and CuSO4 concentration of 0.02 kmol m−3.
he samples of slurry were withdrawn at different time intervals.
he samples were then immediately collected over filter paper
o soak the surface water content of the sample. After remov-
ng the water the samples were dried in a lime filled descicator
t 303 K. These dried samples were then analyzed by SEM. Fig. 3
xhibits the SEM images of fresh ion exchange resin and resin
t the time just before the dissolution. It can be seen that ion
xchange resin started disintegration during the course of the reac-

ion. We postulate that the disintegration as seen in Fig. 3(b) could
e because of two reactions. First the matrix attack by hydroxyl rad-

cal resulted in matrix collapse. Secondly, due to further oxidation,
O2 is formed (Eq. (4)) and the entrapped CO2 might exert high

ig. 3. Scanning electron micrographs (SEM) of cation exchange resin ((a) zero time,
b) after 2.5 h).
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OD ∼116,000 mg L−1

OC ∼42,500 mg L−1

xalic acid ∼13,600 mg L−1

nough pressure to disintegrate the polymer matrix. In our disso-
ution process the end effect of matrix going into solution is more
mportant than by which single or mixed mechanism it is getting
issolved.

For wet oxidation study, a batch of 150 g kg−1 (15%, w/w) was
arried out by maintaining pH at 2 and by keeping reaction tem-
erature at 368 K. At the end of the reaction, the residual H2O2 was
nocked off by using catalase. The characterization of the waste is
iven in Table 5. This mass was further used for wet oxidation by
eeping CuSO4 therein and adding make up CuSO4 as the case may
e. It is interesting to note that one of the stable products of the Fen-
on oxidation process was oxalic acid. No acetic acid was detected.
he detailed characterization w.r.t. other products of degradation
as excluded from the scope of this investigation as our objec-

ive was to mineralize whatever was formed during the Fenton
issolution process.

.2. Wet oxidation process

For wet oxidation study the waste obtained from dissolution
rocess was diluted to 500 mg L−1 of COD and pH was adjusted
o 6.5 (about neutral). The wet oxidation of organic substrate in
he aqueous phase involves free radical mechanism. The hydroxyl
adicals formed are also once again oxidizing agents. In general wet
xidation can be represented as [4].

(6)

The steps involved during the wet oxidation are the destruc-
ion of organic molecules (COD reduction) into lower molecular
eight acids and subsequent oxidation of these acids into CO2 and
2O and the simultaneous oxidation of organic compounds into
O2 and H2O. The waste consists of a mixture of various organic
ompounds contributing to COD. Our preference to characterize
he waste in terms of COD over total organic carbon content lies
n the fact that TOC analysis does not reflect in the quantification
f COD when compounds containing oxygen in the molecule, such
s acetic acid, oxalic acid are present in the waste. Also contribu-
ion of other atomic species to COD like H, S, etc. is neglected in
OC analysis. The kinetics of destruction of low molecular weight
ompounds like acetic acid, oxalic acid, etc. is influenced by other
ree radicals present. In order to avoid complexity and make design
pproach reliable and simple it was thought that it is better to have
esults expressed in terms of COD reduction of original substrate
epresented by following path [7]:

COD)waste−→
k1

(COD)low molecular weight acids−→
k2

CO2 + H2O (7)
Thus in wet oxidation, the reaction would exhibit two different
inetic paths, viz. the fast oxidation of organic substrate followed by
lower oxidation of low molecular weight compounds formed such
s acetic acid, oxalic acid. The knowledge of kinetics of both steps is
esirable. On the other hand, if complete wet oxidation is desired
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From Fig. 6 it was concluded that the order with respect to [COD]
is one, since ln[COD]i/[COD]t versus time gives a straight line. The
first order kinetic plots at different temperatures are also shown
in Fig. 6. The reaction follows a two step mechanism viz. the fast
ig. 4. Effect of intensity of turbulence on COD reduction (initial COD 500 mg L−1,
73 K, O2 partial pressure 0.69 MPa, pH 6.5, CuSO4 4.70 × 10−4 kmol m−3).

o recycle the water, the knowledge of the second step would be
ssential to design the wet oxidation system.

.2.1. Mass transfer considerations
Wet oxidation is heterogeneous gas–liquid reaction. The diffu-

ion of O2 from the bulk gas phase into a liquid phase and the
eaction of dissolved oxygen with organic substrate (COD) in the
iquid phase is the series process. The resistance of gas phase for
iffusion of O2 was deemed to be negligible due to high diffusivity
f O2, high temperature of gas phase and low solubility of oxygen
n water at such high temperatures employed in wet oxidation. In
rder to discern true kinetics, it is necessary to eliminate the diffu-
ional resistances. The mass transfer resistance offered by the liquid
hase for diffusing dissolved oxygen from gas–liquid interface to
he bulk of liquid phase depends on the intensity of turbulence
n the liquid phase. The effect of speed of agitation on the rate of
eaction may be deemed as a gauge to measure the intensity of
urbulence. Therefore, the effect of speed of agitation was studied
n the range of 10–20 rps. The effect is depicted in Fig. 4. It was
bserved that the liquid side mass transfer resistance was com-
letely eliminated at impeller speed of 20 rps. Thus to get true
inetics all further experiments were carried out in the kinetically
ontrolled regime. As solution is very dilute, COD ∼ 500 mg L−1, the
olubility of oxygen was considered to be same as that of in water
nd was estimated from the data published by Crammer [13].

.2.2. Kinetic study
The kinetics of catalytic wet oxidation of the waste obtained

fter Fenton process was studied in the temperature range
f 453–493 K and the oxygen partial pressure in the range
f 0.345–1.38 MPa at a near neutral pH (6.5). The catalyst
CuSO4) concentration was varied in the range of 1.54 × 10−4 to
.16 × 10−4 kmol m−3. The effect of temperature on COD reduction

s shown in Fig. 5.
As wet oxidation is very complex and it proceeds through forma-

ion of various reaction intermediates through numerous pathways
odeling of each individual reaction would be impractical. There-

ore, a lumped parameter model was used to develop an intrinsic
ate equation for COD.

The rate expression by using power-law expression for first and
econd steps in Eq. (2) can be written as
= −d[COD]
dt

= k [O2]m[COD]n [CuSO4]p (8)

here k = k0 exp(−E/RT)
F
0

ig. 5. Effect of temperature on COD reduction (initial COD 500 mg L−1, O2 partial
ressure 0.69 MPa, pH 6.5, CuSO4 4.70 × 10−4 kmol m−3).

The oxygen concentration in the liquid phase is correlated to the
artial pressure PO2 and the solubility parameter HO2 . Eq. (6) can
e written as

= −d[COD]
dt

= k[HO2 PO2 ]m[COD]n [CuSO4]p (9)

= −d[COD]
dt

= k′[PO2 ]m[COD]n [CuSO4]p (10)

here k′ = k[HO2 ]m

It was presumed that the first order behaviour w.r.t. [COD] due
o low concentration.

For a given partial pressure of oxygen and the catalyst loading,
erm k′[PO2 ]m [cat]p becomes constant and the rate expression takes
orm

= −d[COD]
dt

= k̄[COD]n (11)

here k̄ = k′[PO2 ]m[CuSO4]p

From Eq. (6) for n = 1, we have

n
[COD]i

[COD]t
= k̄t (12)
ig. 6. First order kinetic plot w.r.t. COD (initial COD 500 mg L−1, O2 partial pressure
.69 MPa, pH 6.5, CuSO4 4.70 × 10−4 kmol m−3).
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[10] N.E. Bibler, E.G. Orebaugh, Ind. Eng. Chem. Res. 15 (1978) 136–138.
Fig. 7. Arrhenius plot.

xidation of organic substrate followed by slower oxidation of low
olecular weight compounds formed such as acetic acid, oxalic

cid.
Arrhenius plot was drawn by plotting log of rate constant val-

es versus inverse of temperature (Fig. 7). The activation energy,
re-exponential factor and variation of HO2 as a function of tem-
erature were then calculated from graph. The activation energy
or first and second step was found to be 17.28 and 54.26 kJ mol−1,
espectively.

Global rate equations for first and second steps are

First step
r = −d[COD]
dt

= 7.34 × 102 exp(−2078/T)[COD]

{(1.34 exp(−2192/T))0.75 [PO2 ]0.75}[CuSO4]0.28 (13a)

[

[

[

g Journal 148 (2009) 371–377 377

Second step

r = −d[COD]
dt

= 1.06 × 106 exp(−6527/T)[COD]

{(1.34 exp(−2192/T))0.65[PO2 ]0.65}[CuSO4]0.30 (13b)

. Conclusions

The hybrid process dissolution followed by wet oxidation was
ound to be suitable technique for the treatment of gel type cation
xchange resin. The parameters for complete dissolution were opti-
ized. CuSO4 was found to be good catalyst for dissolution (up to

5%, w/w of slurry) as well as for wet oxidation. The results pre-
ented would aid process development of treatment strategy of
aste containing cation exchange resin.
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