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bstract

The cation-exchange resin loaded with ferrous ion (CERF) catalyzes the photochemical oxidation of 2,4-D. The co-existence of UV light and
xalate is the key to initiating the attack by hydroxyl radicals of 2,4-D in the presence of CERF and H2O2. In addition to oxalate, citrate and
DTA may also drive the CERF-induced photooxidation that is more favorable in an acidic environment. The solid catalyst can easily be separated

rom the solution by filtration after the reaction, and then reused. The removal rate of 2,4-D with the reused CERF was found to be faster than
hat with the fresh CERF. This can be explained by the presence of a higher amount of ferrous ions in the recycled resin, thus speeding up the
roduction of hydroxyl radicals. The effect of oxalate concentration on the recycling efficiency of the catalyst was studied. For the first cycle, the
ate constants increased as the oxalate concentration increased. The removal rate was strongly dependent on the concentration of the oxalate. For

ractical purposes, a model was derived to evaluate the capacity of the catalyst and to predict the cumulative mass of 2,4-D removed at any reaction
ime of any cycle. In a series of four runs conducted with the same catalyst, the optimal concentration of oxalate was found to be 2.4 mM, and
4.7% of 2,4-D (total 0.099468 mg) was transformed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The ion-exchange process involves a physical–chemical reac-
ion by which ions held by electrostatic forces to charged
unctional groups on the surfaces of a solid are exchanged for
ons of like charge in a solution in contact with the solid [1].
n ion exchanger such as resin is used extensively for water

reatment, including the production of high-quality boiler feed
ater for the power industries; pure water for the chemical,

ood, and beverage industries; ultra-pure water for the nuclear,
emiconductor, and pharmaceutical industries [2]. Ion-exchange
s also used for the treatment of a variety of industrial efflu-
nts to recover valuable materials or by-products, such as the

onic forms of gold, silver, platinum, chromium, and uranium
1]. The technique is becoming more extensively employed
n controlling environmental pollution, to remove hardness
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ons, toxic metals, and harmful organics from contaminated
ater. A wide range of commercial resins has been shown

o remove iron from hydrochloric pickling liquor, which may
e used in the metal finishing industry [3]. The adsorption of
erbicides has been investigated by Kyriakopoulos et al. [4],
ho found that highly hydrophobic resin is more effective

or use in hydrophobic herbicides such as alachlor, triflu-
alin, prometryn, and that the more hydrophilic adsorbent is
referable to the hydrophilic one (amitrole). The addition of
ombined resins in the stabilization–solidification of sludge
amples obtained from incineration plant residues could reduce
he release of not only trace metals but also polycyclic aromatics
ydrocarbons [5].

Due to the limited lifetime of homogeneous catalysts, the use
f solid catalysts has attracted much attention to modern wastew-
ter treatment because of their high stability and because they are

asy to handle and recycle. The recent trend in the development
f heterogeneous catalysis is to immobilize the catalyst or the
xidant on a support such as clay, zeolite, and resin. For instance,
Fenton-type reaction can be induced by surface iron loaded

mailto:cewchu@polyu.edu.hk
dx.doi.org/10.1016/j.molcata.2007.04.023
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Fe2+ + CER-Na → CER-Fe2+ + Na+ (1)
C.Y. Kwan et al. / Journal of Molecula

n different materials. Studies have shown that 4-nitrophenol
egrades when catalyzed by Fe-modified clay [6] and Fe-zeolite
7]. In addition, there have been many studies on iron-containing
eolites with regard to the oxidation of phenol [8], carboxylic
cids [9], azo dye [10], and ethanol [11]. Although zeolite-based
atalysts are effective and stable, there are a few drawbacks aris-
ng from the particle size of zeolite (powder form). The typical
article size of zeolite powder catalysts is about 1 �m [8]. They
ight not settle in the solution within a short time, and it would

e very difficult to collect the particles for recycling. Hence, the
eparation of the catalyst suspension requires centrifugation or
ltration of a size down to less than 1 �m. This may increase the
onsumption of power and the operation cost. Another disad-
antage is that the wet zeolite particles become rigid cakes after
rying. After-treatment, such as grinding the dried catalysts, is
eeded before they can be reused, leading to an excessive loss
nd destruction of catalysts.

The wet particle size of the resin used in this work ranged
rom 300 to 840 �m. At this size, the resin particles settle
n the solution by gravity within a minute, and remain sep-
rated after drying. In the present study, the intention is to
xamine the use of a resin containing Fe on the degradation
f 2,4-dichlorophenoxyacetic acid in the presence of hydrogen
eroxide. The effects of UV light and organic ligands on the cat-
lytic activity of the modified resin are investigated. The total
apacity of the solid catalyst for a series of four runs is deter-
ined. A practical model is derived to evaluate the capacity of

he catalyst.

. Methodologies

.1. Preparation of the catalyst

The cation-exchange resin (CER) used in this work was
mberlite IR-120 (plus) in sodium form from Aldrich. The
atrix was 8% cross-linked polystyrene and the matrix active

roup was sulfonic acid. The molecular structure of the cation-
xchange resin is shown in Fig. 1, and the microscopic
hotography of the surface morphology of CER is shown in
hoto 1. The cation-exchange resin was used as received. To

mmobilize ferrous ions on the CER, an aqueous solution of
e2+ at 63 mg/100 mL was mixed with 2.4 g of resin to synthe-

ize the catalyst, called the cation-exchange resin loaded with
errous ions (referred to hereafter as CERF). The mixture was
tirred for 24 h; the catalysts were then separated by filtration and
horoughly washed with deionized distilled water (DDW) until

ig. 1. The structural formula of the strongly basic cation-exchange resin in
odium form [19].
Photo 1. Microscopic image of the surface morphology of CER.

o ferrous ions were detected in the filtrate. After the sorption
f Fe2+, the surface of the resin turned from yellowish green to
rown red. Photo 2 shows the microscopic surface morphology
f CERF. To determine the amounts of Fe2+ exchanged onto the
esin, the concentrations of aqueous ferrous ions were measured
y a spectrophotometric method [12] before and after the ion-
xchange process, and compared. Subsequently, the catalysts
ere dried and stored at room temperature in the desiccator,
rapped in aluminum foil. All of the spectrophotometric mea-

urements were conducted by a Spectronic Genesys 2 UV–vis
pectrophotometer, and the photos of both CER and CERF were
aptured with an Olympus DP70 camera system operating on an
lympus BX60 microscope. The iron content of the catalysts
as 26 mg Fe2+/g CERF. The dominant species that conjugated
ith the cation-exchange resin (CER-Cl) in the solution should
e the CER-Fe2+, as indicated below:
Photo 2. Microscopic image of the surface morphology of CERF.
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Fig. 2. The molecular s

.2. Experimental procedures

In each experiment, 0.1 g of resin was immersed and stirred in
DW 1 day before the reaction to ensure that the resin was fully

wollen. The initial solution pH was adjusted to 2.8 by diluted
ulfuric acid. A certain amount of 2,4-D and diluted hydrogen
eroxide (if necessary) was added to a 300 mL quartz reactor. If
igand was involved in the test, the solution of the ligand would
e introduced to the reactor 15 min before the commencement of
he reaction. Fig. 2 shows the molecular structure of the organic
cids used in this study. The dark experiments were initiated by
urning on the magnetic stirrer without using UV irradiation. For
ight-induced reactions, the irradiation source was four 350 nm
hosphor-coated low-pressure mercury lamps placed inside an
PR-200 RayonetTM photochemical reactor equipped with a
ooling fan. The initial concentration of the probe compound at
ime zero was determined from an unexposed sample. Likewise,
he reactions were initiated by turning on the pre-warmed UV
amps and the magnetic stirrer simultaneously. The supported
esin was easily separated from the aqueous phase by gravity,
ettling a few seconds after the stirrer had been turned off. Then,
he sample was collected from the aqueous phase out of the
eactor at pre-determined time intervals and methanol was added
t a ratio of one to one (by volume) to quench the reaction.

inally, the target compounds were quantified by an LC analysis
ith a Restek column packed with pinnacle octylamine (5 �m,
.46 cm × 25 cm), in which, the mobile phase was a combination
f 0.2% acetic acid and acetonitrile (50/50%, v/v) at a flow rate

e
i
l
D

re of the organic acids.

f 1.0 mL/min. The oxalate concentration was measured through
itration with permanganate of potassium.

.3. Aqueous Fe concentration

The aqueous ferrous concentration (in both ionic and com-
lex forms) was measured using a spectrophotometric method
t 510 nm, because o-phenanthroline forms reddish complexes
ith Fe2+ but not with Fe3+. The detection limit of this method

or Fe2+ was 1.8 × 10−4 mM [13]. The aqueous ferric con-
entration (in both ionic and complex forms) was determined
pectrophotometrically by a potassium thiocynate method with a
ensitivity of 0.25 �g for Fe3+ [12]. This method is used to deter-
ine the concentration of Fe3+ in the iron(II)/iron(III) mixture

ecause iron(II) thiocynate complexes are colorless.

. Results and discussions

.1. Catalyst performance

The catalytic activity of CERF for the removal of 2,4-D was
tudied in detail, and the results are shown in Fig. 3.
he combinations of the following reagents or UV lamps,

H2O2] = 1.0 mM, [oxalate] = 2.4 mM, and UVλ = 350 nm,

stablished various operational conditions. In the control exper-
ments, the degradation via CERF alone in the dark or under
ight was less than 1%. This indicates that the sorption of 2,4-

by CERF is infeasible and can be ignored, and that even



C.Y. Kwan et al. / Journal of Molecular Catalysis A: Chemical 274 (2007) 50–57 53

Fig. 3. The catalytic activity of CERF toward the removal of 0.5 mM of 2,4-D
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alyzed the decay of 2,4-D with or without the injection of spiked
hydrogen peroxide upon UV illumination. However, only the
ferrous oxalate showed acceleration and enhancement in the pro-
duction of hydroxyl radicals. Kwan and Chu [17] reported that
nder different experimental conditions. Initial pH 2.8, [H2O2] = 1.0 mM, and
oxalate] = 2.4 mM.

V light may not induce any reaction. The addition of the
ydrogen peroxide system did not improve 2,4-D degradation
nder light illumination, in which a very small percentage of
,4-D was transformed. CERF was activated by oxalate upon
V irradiation. The total removal percentage of 2,4-D by the
V/CERF/oxalate process was 31% after 30 min of reaction.
hen 1 mM of H2O2 was added to the system, the removal

apacity increased by three times to 93%. It is believed that
he aqueous Fe2+ reacts with hydrogen peroxide to produce
ydroxyl radicals, accounting for the degradation of 2,4-D. The
resence of ferrous ions in the aqueous phase implies that the
onic-bond between the immobilized ferrous ion and the surface
f the resin is UV-light sensitive. Pulgarin et al. [7] used the
ight-induced dissolution of Fe3+ from the Fe-zeolite to catalyze
he degradation of 4-nitrophenol. Hence, ferrous species may
e released to the solution once the CERF is excited by UV, but
nly when oxalate is present. Pervious studies found that the
ormation of iron–oxalate complex was stronger than the other
omplexation possibilities available in the solution [14,15]. It
as been reported that oxalate facilitates the detachment of a cen-
ral metal ion from different oxide minerals because the ligand
rings electron density or negative charge into the coordination
phere of the central metal ion at the surface, lowering their
ewis acidity [16]. Our previous study showed that the pho-

olysis of ferrous oxalate would generate hydrogen peroxide to
nduce photooxidation with another ferrous oxalate, yielding
ydroxyl radicals [17]. This explained the modest reactivity of
he UV/CERF/oxalate process (no spiked H2O2). On the other
and, the introduction of spiked H2O2 should further enhance

he production of hydroxyl radicals and therefore, the transfor-

ation of 2,4-D. Nevertheless, the degradation taking place is
ight-induced and oxalate dependent.

F
[

ig. 4. The influence of ligand on the catalytic activity of CERF (0.1 g) at pH
.8. [2,4-D] = 0.5 mM, [H2O2] = 1.0 mM, [ligand] = 2.4 mM.

To understand the effect of ligand on the catalytic activity of
ERF, each ligand including acetate, benzoate, citrate, EDTA,
aleate, and oxalate was irradiated with 2,4-D in a solution con-

aining 1.0 mM of H2O2 and 0.1 g of CERF at an initial pH of 2.8
Fig. 4) and 6.0 (Fig. 5), respectively. In our previous study [17],
t was found that the ferrous complexes of citrate and EDTA cat-
ig. 5. The influence of ligand on the catalytic activity of CERF at pH 6.0.
2,4-D] = 0.5 mM, [H2O2] = 1.0 mM, [ligand] = 2.4 mM.
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errous oxalate photooxidation in solution involves the initial
xcitation (Eq. (2)) via a metal-to-ligand charge-transfer tran-
ition, at which the electron goes from a metal-based orbital
o a ligand-based orbital. Then, the dissociation of the excited
omplex yields a ferric ion and an oxalate radical ion (Eq. (3)).

eIIC2O4 + hν → [FeIIIC2O4
•−]∗ (2)

FeIIIC2O4
•−]∗ → Fe3+ + C2O4

•− (3)

n an oxygen-rich environment, the oxalate radical participates
n the reduction of molecular oxygen to form the O2

•−/HO2
•

air for the generation of hydrogen peroxide. Consequently, fer-
ous oxalate is rapidly oxidized by H2O2 upon irradiation with
V, leading to the formation of hydroxyl radicals.

eIIC2O4 + H2O2 + hν → FeIII(C2O4)+ + OH• + OH− (4)

t high oxalate concentrations, i.e. [oxalate] � [Fe2+],
eIII(C2O4)+ may form photosensitive complexes with excess
xalate molecules (Eqs. (5) and (6)).

eIII(C2O4)+ + C2O4
2− → FeIII(C2O4)2

− (5)

eIII(C2O4)2
− + C2O4

2− → FeIII(C2O4)3
3− (6)

hese ferrioxalate complexes would photolyze to another
xalate radical and Fe2+ to attain photo-Fenton reactions. In
hort, a hydroxyl radical attack initiated by the photogenerated
ydrogen peroxide is responsible for the degradation of 2,4-D
n the Fe2+/oxalate/UV system.

Hence, it is reasonable that lesser amounts of 2,4-D, 67% and
0%, were removed by the UV/CERF/H2O2 process in the pres-
nce of citrate and EDTA, respectively. Nevertheless, acetate,
enzoate, and maleate exhibited insignificant improvement in
he disappearance of 2,4-D at both pHs. Similar phenomena
ave been observed in the dissolution of mineral oxides, at which
igands such as citrate, EDTA, and oxalate accelerate the detach-

ent of metal ion while benzoate tends to inhibit the dissolution
16].

When the initial solution pH increased from 2.8 to 6.0,
he total removal percentage of 2,4-D in the oxalate case was
educed to 78% and the performance of the citrate and EDTA
ystems was reduced by half. This indicates that the dissolution
f ferrous ions and the ligand-mediated photochemical reac-
ion are more favorable in an acidic environment. Given that
V/CERF/oxlate/H2O2 was the fastest process observed in this

tudy, such a combination would be selected for subsequent
xperiments.

.2. Dissolution mechanism

It is known that oxalate and UV light are necessary to acti-
ate the catalyst. Mazellier and Sulzberger [18] reported that the
dsorption of oxalate on the surface of the goethite (�-FeOOH)

s the first essential step in detaching Fe2+ from the crystal lattice
nto the solution.

To investigate the reaction mechanism of the CERF system,
.1 g CERF was mixed with 6.0 mM of oxalate solution and

h
p
b
t

ig. 6. Changes in the concentration of 2,4-D (mM) and ferrous ion (mg/225 mL)
uring the reactions.

tirred in the dark (data not shown). After an hour, the con-
entration of oxalate remained unchanged and the [Fe2+] in the
olution was below its detection limit. This suggests that the
re-adsorption of oxalate on the surface of the resin is not an
ssential step for the dissociation of ferrous ions from the resin.
lternatively, the oxalate concentration dropped to 5.25 mM and
large amount of ferrous ions was detected in the solution after
5 min of illumination at 350 nm. It is thought that the ferrous
pecies is released from the CERF as ferrous oxalate in UV light.
ikewise, ferrous ions were detected in the cases of citrate and
DTA; therefore, these two ligands are believed to undergo a

eaction mechanism similar to that of oxalate.
It was observed that the original light yellowish green CER

Photo 1) was turned into dark reddish brown CERF (Photo 2)
hen ferrous ions were exchanged onto the resin structure.

.3. Recycling with CERF

Resin can be easily separated from the solution by filtration
fter the reaction, then recycled. To examine the efficiency of
he reused catalyst, the irradiated resin was collected after the
reatment of 2,4-D with the UV/CERF/oxlate/H2O2 process and
hen thoroughly rinsed with DDW. The washed resin was added
o another batch of reaction solution containing 2,4-D (0.5 mM),
ydrogen peroxide (1 mM), and oxalate (2.4 mM). The concen-
rations of 2,4-D and amounts of Fe2+ measured during the first
nd second runs are compared in Fig. 6. The removal rate of
,4-D with the reused CERF was found to be faster than that
ith the fresh CERF. This can be explained by the presence of a

igher amount of ferrous ions in the second test, speeding up the
roduction of hydroxyl radicals. As discussed earlier, the bonds
etween the resin and ferrous ions are sensitive to light so that
he irradiated CERF should more readily release ferrous ions
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ig. 7. Zero order plots for kinetics of 2,4-D in the presence of 0.1 g of CEFR, 1
t 350 nm.

han the fresh CERF, where the activity depends on the amount
f oxalate.

To study the influence of oxalate concentration on the recy-

ling efficiency of the catalyst, the transformation of 2,4-D in
our successive cycles of UV/CERF/H2O2 processes in the pres-
nce of oxalate at concentrations ranging from 0.6 to 6.0 mM
as conducted (i.e., the same CERF was reused three times).

C

C

of H2O2, and different amounts of oxalate (0.3–6.0 mM) under UV irradiation

enerally, the reactions seemed to follow the zero order decay,
nd the removal rate (k) of 2,4-D could be obtained from Eq.
8).
t = C0 − kt (7)

0 − Ct = kt (8)
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ig. 8. The zero order rate constants (k) of the four consecutive runs are plotted
s a function of time.

here Ct (M) is the concentration of 2,4-D in the system at
ime t (min), and C0 (M) is the initial concentration of 2,4-
. The plots of the (C0 − C) values against the reaction time

re displayed in Fig. 7. It can be seen that the curves are
traight lines with very high r2 values, except the first run
ith 6.0 mM of oxalate. The reaction with the addition of
.0 mM oxalate was too fast to follow zero order decay, pos-
ibly due to overdose of oxalate. In spite of this, the good
orrelation indicates that the UV/CERF/oxalate/H2O2 process
an be described well by the zero order kinetics. It is worth
oting that, at an oxalate concentration of below 4.2 mM,
he catalytic activities of the CERF increased after recycling.
n contrast, the performance of the CERF degraded slowly
fter each test when the [oxalate] was equal to or above
.2 mM.

Fig. 8 illustrates the relationship between the reaction rate
nd the oxalate concentration, in which k1, k2, k3, and k4 rep-
esent the decay rates of the first, second, third, and fourth
uns, respectively. In the first runs, the rate constants increased
harply as the concentration of oxalate was increased to 3.0 mM,
hen gradually afterward. This suggests that the heterogeneous
egradation is strongly dependent on the oxalate concentra-
ion.

With reference to the removal rates (k values), it is difficult
o determine the optimum oxalate concentration for the CERF
ystem in four consecutive cycles of runs. For practical purposes,
model is derived to help define the recycling efficiency of the

atalyst in the UV/CERF/oxalate/H2O2 process. This model is

ased on the reaction rate to predict the total mass of 2,4-D that
an be transformed at any reaction time and at any cycle. By
ultiplying the solution volume at time t (Vt) to both sides of
q. (8), the number of moles of 2,4-D removed at that time can

t
s
l
r
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e obtained from Eq. (9):

C0 − Ct)Vt = ktVt = moles of 2, 4-D removed (9)

he removal mass of 2,4-D (mt) at reaction time = t min can be
btained when Eq. (9) is multiplied by the molecular weight of
,4-D (MW),

t = (C0 − Ct)VtMW = ktVtMW (10)

he removal masses of 2,4-D in the first, second, third, fourth
nd nth runs are shown in the following equations:

1 = (C0 − C1)Vt1MW = k1t1Vt1MW (11)

2 = (C0 − C2)Vt2MW = k2t2Vt2MW (12)

3 = (C0 − C3)Vt3MW = k3t3Vt3MW (13)

4 = (C0 − C4)Vt4MW = k4t4Vt4MW (14)

n = (C0 − Cn)VtnMW = kntnVtnMW (15)

here n is the number of times that the catalyst CERF is used.
he summation of the removal mass of each run leads to the
roposed model:

umulative mass =
n∑

i=1

(m1 + m2 + m3 + · · · + mn)

= MW
n∑

i=1

(kitiVi) (16)

he average mass of 2,4-D removed out of several runs using
ecycled CERF is given by dividing Eq. (16) by the number of
uns:

verage mass =
∑n

i=1(m1 + m2 + m3 + · · · + mn)

n

= MW
∑n

i=1(kitiVi)

n
(17)

o verify the proposed model, the experimental data and pre-
icted curves are compared in Fig. 9, where the curves show
good fit with the experimental data. As seen from the raw

ata, the removal mass of 2,4-D increased as the concentration
f oxalate was increased in the first run. At 2.4 mM of initial
xalate concentration, the further addition of oxalate exhibited
nly an insignificant contribution to the removal of 2,4-D in the
econd run, but may retard the degradation in the third and fourth
uns. This trend can also be seen in the average removal mass
f 2,4-D. Out of the four runs (i.e., four equal portions of 2,4-
were inputted to the system), the maximum amount of 2,4-D

emoved was found to be 75.4% at [oxalate] = 3.0 mM. However,

he optimal concentration of oxalate should be 2.4 mM because a
imilar total removal percentage (74.7%) can be achieved while
ess oxalate was used, which is probably more cost-effective in
eal applications.
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[17] C.Y. Kwan, W. Chu, Chemosphere 67 (2007) 1601.
ig. 9. Comparison of the experimental data (symbols) with the model calcula-
ion (dashed lines). The solid line is the average of the cumulative mass.

. Conclusions

The cation-exchange resin loaded with ferrous ion (CERF) is
apable of catalyzing and enhancing the decay of organic pol-
utants. The catalytic effectiveness of CERF is activated by the
resence of organic ligands such as citrate, oxalate, and EDTA as
ell as UV light. An attack by hydroxyl radicals is the pathway

o the degradation of 2,4-D in the CERF systems. This catalyst
an be easily settled and collected after the reaction for recy-
ling. The removal rate exhibits a strong dependence on oxalate
oncentration. The performance of the reused catalyst is better
han that of the fresh catalyst in some situations, but the optimal

oncentration of oxalate should be 2.4 mM. Cation-exchange
esin has been employed in real operations to remove Fe2+ and
e3+ from effluents with high iron contents, and such Fe-loaded
esin may end up as solid waste.
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