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Abstract

Oxidative degradation of used ion exchange resins (IER) by the Fenton process is an attractive alternative to their deposition as hazardous waste.
The process is leading to the dissolution of the polymer beads producing low molecular weight carboxylic acids and subsequently to their
mineralization. Therefore, process development is focused for economic reasons at a fast dissolution of the polymer material, while keeping
mineralization to a minimum. The optimal experimental design methodology (OED) was used to investigate the effects of primary reaction
parameters (Fe(Il)- and H,O,-concentrations and temperature) and to find the best parameter ranges for process optimization. The initial Fe(II)-
concentration ([Fe(I)]o) controlled the rate of dissolution, whereas H,O,-concentration and reaction temperature (40—60 °C) were found to be of
minor impact. Spectrophotometric analysis demonstrated that an increase in [Fe(Il)], led to a fast decrease of the dissolution time (#4;5) as long as
the concentration of Fe(II/II) was smaller than that needed for saturation of the IER. When the concentration of Fe(II/III) was higher than the
capacity of the IER, efficient mineralization was found to take place. Oxidative degradation leading to the dissolution of the polymer beads is
therefore most efficient as long as the catalyst is bound to the surface, whereas mineralization is most effective once the organic material is
dissolved. This hypothesis is supported by REM images taken under different experimental conditions, as well as by the linear relation between the
extent of mineralization and 74, in spite of the variation of the accessible surface of the polymer beads. An increase of the content of cross-linking
agent affected adversely the oxidative degradation of the IER, mainly because it implies a diminution of the concentration of sulfonic acid groups
and, hence, a decreased efficiency of iron complexation on the polymer beads.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Ion exchange resins (IER) based on copolymers of
sulfonated styrene and divinylbenzene are widely used in the
production of de-mineralized and de-ionized water, in the
treatment of waste waters originating from, e.g. nuclear power
stations or plating industries, for the recuperation of transition
metal ions as well as for solid acid catalysts in epoxidation,
esterification and inversion processes. However, IER are
loosing progressively their original properties, and, as their
chemical and physical deterioration progresses, they must be
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more or less frequently replaced. The principal cause of
chemical deterioration is covalent bond breaking affecting
primarily the functional groups, hence, leading to a diminution
of their ion exchange capacity. In addition, covalent bond
breaking may also imply the backbone of the copolymer
diminishing the physical stability of the IER beads. Both
processes might be due to degradation reactions induced by
oxidizing agents present, e.g. in the aqueous medium to be
treated, and are accelerated by elevated temperatures or the
catalytic activity of metal ions [1]. Another kind of chemical
deterioration might be due to additional cross-linking of the
resin matrix that is initiated by sorbed species and results in a
decrease of matrix flexibility and resin phase permeability,
again affecting the physical stability of the resin beads [2].
Physical deterioration is mainly due to mechanical destruction
of the resin beads during the great number of working cycles of
IER under industrial conditions. All these processes are leading
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to decreased selectivity and capacity as well as to increased
difficulties in the technical handling of IER. At present, used
IER are considered to be useless waste material, and spent IER
are mostly deposited in landfill sites.

Different processes were proposed and investigated for
disposing of IER, e.g. incineration [3], thermal decomposition
[4-6], acid ““digestion” [7], as well as wet oxidation [8].

Only a few results are known concerning a controlled
(partial) oxidation of polystyrene based IER by hydrogen
peroxide (H,0O,) and catalyzed by transition metal ions (Fenton
or Fenton-like processes, [9]). In most cases, authors analyzed
the progressively reduced capacities of the oxidized IER
[10,11], butin more recent publications, rates of carbon dioxide
(CO,) [12,13] and sulfate (SO,*7) evolution [14] were
investigated. According to these authors, Fenton-type oxidation
processes lead to the destruction of the cross-linked structure of
the TER and to partially desulfonated products of lower
molecular weight. However, such oxidative degradation might
not only be used to solve an environmental problem, a
controlled oxidation process might also be focused on
introducing polar functions (alcohol, carbonyl and carboxylic
acid) to partially degraded or desulfonated polymers, hence
producing new soluble products of potential use, e.g. as
polyelectrolytes.

Oxidative degradation of polymer surfaces is best initiated
by hydroxyl radicals (HO®), as generated in most advanced
oxidation processes (AOP). Given the metal ion coordinating
properties of the IER, Fenton or Fenton-type processes [9]
might not only be best suited for that purpose, their
investigation might also provide important mechanistic
information. As far as a technical development is concerned,
the use of the Fenton reagent (Fe(I)/H,O,, Eq. (1)) as an
oxidant is attractive, since iron is inexpensive and non-toxic,
and aqueous solutions of hydrogen peroxide are of no
environmental concern.

Fe(IT) + H,0, — Fe(IIl) + HO™ + HO® (1)

In the present work, dissolution and mineralization of IER
using the Fenton process were investigated, and, aiming at a
most economic procedure, process conditions were optimized
for short reaction times for complete dissolution of the IER
particles, while keeping the rate of mineralization at a
minimum. The experimental design methodology was used
for planning the series of experiments under normalized
conditions and for simulating and predicting IER dissolution
times and rates of mineralization as a function of the three main
factors: Fe(Il) and H,O, concentrations and temperature.

2. Materials and methods
2.1. Reagents

All reagents and solvents used were of the highest purity
available. The ion exchange resin Amberjet 10.5 1500 H (Rohm
& Hass) in its protonated form was purified by washing twice
with 1 M HCl and four times with water and subsequent drying
in air for 2 weeks. This resin consists of fully protonated

sulfonated polystyrene cross-linked with divinylbenzene
(elemental analysis: 38.94% C, 5.90% H, 11.98% S; capacity
indicated by provider: 4.2 mval/g). The IER used in this work
contained 26.83% of H,O in weight.

Fe(S0,)-7H,O (98%, Aldrich), H,O, (30%, w/w H,0, in
water, Roth), conc. HCI and conc. H,SO, (Merck) were used as
purchased. H,O, was analyzed by KMnQ, titration. Reagents
and solvents used for UV/vis spectroscopy, HPLC and IC
(Section 2.3) were also purchased from Merck and used as
supplied. H,O was of tri-distilled quality (UHQ-II).

2.2. Experimental procedure

The experiments were conducted in the dark in an airtight
glass vessel of 1L capacity. An aqueous solution (100 mL) of
catalyst (Fe(SO,)-7H,0), in the range from 2.0 to 20.0 mM,
was introduced into the reactor and thermoregulated at the
desired temperature. The initial pH value of the solution was
adjusted to 3 using H,SO,. In a first series of experiments, the
ion exchange resin (1 g) was added just before starting addition
of H,O,, whereas in a second series of experiments, the reaction
mixture was stirred for 15 min before starting addition of H,O,.
An aqueous solution of H,O, at constant concentration (15%)
was added continuously at a flow rate varying between 0.5 and
2.5mL min~! until all IER particles were dissolved (7g;s)-
During the reaction, the mixture was stirred and constantly
saturated with synthetic air (45 mL min ™).

2.3. Analytical techniques

The extent of mineralization of the IER was determined as
the weight of CaCO3; (W [mg]) produced by trapping CO,
emerging from the acid reaction medium in a saturated
Ca(OH), solution. CaCOj3 was filtered and dried at 70 °C during
12 h.

The quantitative analysis of SO4>~ (formed as a result of the
degradation of sulfonated polystyrene) was carried out by ion
chromatography (IC, Dionex-DX 500, column: Ion Pac AS-14,
250 mm, eluent: 3.5 mM Na,CO5 and 1.0 mM NaHCOs in tri-
distilled water, isocratic, flow rate: 1.2 mL minfl, detection:
285 nm). Samples were periodically taken from the reactor and
filtered through a nylon filter of 0.2 wm (Roth) before injection.

Analysis of the main intermediates resulting from the
degradation of the IER was carried out by liquid chromato-
graphy (HPLC or IC) in an isocratic mode. The system was
equipped with a L-7455 Merck UV/vis detector. Different
columns and eluents were used for separation and identification
of the compounds.

For sulfonic intermediates (acids): column: Knauer C18
(250 mm), eluent: 70/30 (v/v) water/methanol with 5 mM of
tetrabutylammonium hydrogensulfate, flow rate 1 mL min~",
detection: 254 nm. For phthalic and benzoic acids: Knauer C18
(250 mm), eluent: methanol/20 mM phosphoric acid (40/60, v/
v), flow rate: 1 mL min_l, detection: 210 nm. For oxalic and
maleic acids: column: Knauer C8 (250 mm), eluent: 0.1 M
KH,POy/acetonitrile (90/10, v/v), flow rate: 2 mL min ',
detection: 210 nm) and for formic and acetic and succinic
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acids: column: Hamilton PRP X-300 (150 mm), eluent: 1 mN
H,SO,, flow rate: 2 mL min~!, detection: 210 nm.

Adsorption (complexation) of Fe(II) and Fe(Ill) onto the
IER was determined by spectrophotometric analysis (Varian,
Cary 500). An aqueous solution (100 mL) of catalyst
(Fe(SO4)-7H50), in the range from 2.0 to 20.0 mM, was
introduced into the reactor and thermoregulated at the desired
temperature. The initial pH value of the solution was adjusted to
3 using H,SO,. After the IER (1 g) was added, samples
(2.0 mL) were taken periodically and filtered through 0.2 pum
nylon filters (Roth). 1.5 mL of a reagent solution consisting of
0.10 M of 1,10-phenanthroline in 0.10 M of an acetic acid/
acetate buffer were added to the filtered sample to obtain
[Fe(phen);]** which was analyzed by its absorption at
Amax =3510nm (6=11,100M ' em™"). For the analysis of
Fe(III), 1.5 mL of a solution of 0.10 M of aqueous NH,SCN
was added to the sample to obtain [Fe(SCN),(H,0O)]" which
was analyzed by its absorption at Ay =473 nm
(6=8800M 'cm™!). All analyses were made using tri-
distilled H,O as a reference, and in both cases, linear
calibration curves were obtained.

2.4. Optimal experimental design

The experimental design methodology (OED) was used for
planning the experimentation and for analyzing the experi-
mental results [15-18]. This methodology is based on
multivariate methods where the levels (settings or values) of
the independent variables (e.g. processing conditions) are
simultaneously modified from one experiment to another. It
provides the means of building a statistically significant model
of a phenomenon by performing a minimum set of experiments
adequately distributed in the experimental region (experimental
matrix). A large number of experimental designs adapted to
various types of problems are available, such as factorial
designs, centroid composite matrices, Doehlert arrays [15,19].
In these designs, each independent variable U; is associated
with a normalized variable, usually a reduced and centered
variable X; (Eq. (2)).

_Ui—Uip

X;
AU;

)
where U, o (=(U; max + Ui min)/2) is the value of U; at the centre
of the experimental region, AU; (=(U;max — Uimin)/2) is the
step with U; max and U; i maximum and minimum values of
the effective variable U;, respectively.

For this work, Doehlert uniform arrays [16,20,21] were
chosen as experimental matrices. The experimental responses
of interest (dependent variables Y = f(X;)) associated to such
type of matrices are represented by quadratic polynomial
models (Eq. (3) for 2 variables).

Y =bo + bu X1 + baXa + by X; + bnX5 + binX 1 X2 3

The least-square estimates of the coefficients of the model
(b;) were calculated from the values of the response Y for each
experiment in the chosen experimental matrix. The resulting

model allows the drawing of contour plots (lines or curves of
constant response value, e.g. Fig. 2) and of three-dimensional
representations of the response (not shown in this publication).
The experiment at the centre of the Doehlert array is usually run
in triplicate in order to check the reproducibility and to obtain
an estimate of the standard deviation of the experimental
response Y. The validity of the model was checked in
performing control experiments inside the experimental region.

In a first step, a Doehlert matrix for 2 variables was used for
investigating the effects of the initial Fe(Il) concentration
([Fe(ID]o) and of the rate of addition of the H,O, solution
([H,0O,]) on the two responses of interest, the dissolution time
(t4is) and the extent of mineralization (W(CaCQ3)). This matrix
contains 7 uniformly distributed experiments that may be
represented by the apexes and centre of a hexagon (Table 1,
experiments 1-6 and 13). In a second step, a third variable
(temperature) was introduced by adding 6 experiments
(Table 1, experiments 7—12), resulting in a matrix containing
13 experiments that may be represented by the apexes and
centre of a cube octahedron [22]. The experimental responses
of interest Y are represented by Eq. (4).

Y = bo + b1 X1 + baXo + b3X5 + b1 X7 + bnX; + by X3
+b12X1 X2 + b13X1X3 + b3 X2 X3 4)

The NEMROD software [23] was employed for calculating
the coefficients of the polynomial models representing the
variations of the responses (Egs. (3) and (4)), as well as for
drawing the corresponding contour plots (Fig. 1).

3. Results and discussion
3.1. Process modeling using optimal experimental design

As already noted in previous investigations [9,24], Fe(1l/
III) and H,0, concentrations are the primary parameters
affecting the rate of oxidation of organic substrates in Fenton
processes. The variation of the H,O, concentration was
achieved by controlling the rate of addition of a 15% H,0,
solution to a suspension of IER (Amberjet 10.5 1500 H) in a
Fe(II) solution of defined initial concentration and pH-value.
The ranges of variation of the variables, as well as the amount
of IER to be oxidized, were chosen from exploratory studies.
The experimentation was planned according to the experi-
mental design methodology and was based on Doechlert
matrices (Section 2.4). The corresponding set of experiments
and the values of the experimental responses (dissolution time
(t4is) and extent of mineralization (represented by the amount
of CaCO; formed until z4;, (W(CaCOs), s. §2.3) are listed in
Table 1. The extent of mineralization was also calculated as %
of the initial TOC value. During the experiments, the pH-
value of the reaction system decreased by 1 to 1.5 units.
Equilibration of the suspended IER with the Fe(II) solution
(15 min of stirring) before adding H,O, yielded within limits
of error the same results as the experiments, without previous
equilibration (§ 2.2).
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Table 1
Values of effective (U;) and normalized (X;) variables and corresponding experimental responses, #4;5, W(CaCOj3) and % of initial TOC mineralized until z4;, for the
experiments contained in the Doehlert uniform array used in this work

EXp. U] [HzOz] U] HzOz U2 [FC(H)] U3 T Xl Xz X3 diss W(CaCO3) Initial TOC*
no. (mL min~") (mol min~") (mM) (°C) (min) (mg) mineralized%
1 25 12.125 x 1072 11.0 50 1 0 0 25 204 8.6

2 0.5 2425 x 1073 11.0 50 -1 0 0 77 322 13.5

3 2.0 9.7 x 1073 20.0 50 0.5 0.866 0 26 424 17.8

4 1.0 485 %1073 2.0 50 -0.5 —0.866 0 166 100 42

5 2.0 9.7 x 1073 2.0 50 0.5 —0.866 0 161 53 22

6 1.0 485 %1073 20.0 50 -0.5 0.866 0 45 429 18.0

7 2.0 9.7 x 1073 14.0 60 0.5 0.288 0.816 24 211 8.9

8 1.0 485 %1073 8.0 40 —-0.5 —0.288 —0.816 77 110 46

9 2.0 9.7 x 1073 8.0 40 0.5 —0.288 —0.816 58 65 2.7

10 15 7.275 x 1073 17.0 40 0 0.577 —0.816 31 177 7.4

11 1.0 485 % 1073 14.0 60 —-0.5 0.288 0.816 36 263 11.1

12 15 7.275 x 1073 5.0 60 0 —0.577 0.816 33 103 43

13° 15 7.275 x 1073 11.0 50 0 0 0 32°¢ 179¢ 7.5

149 2.0 9.7 x 1073 16.2 50 0.5 0.5 0 24 (18) 264 (285) 11.1(12.0)
15¢ 2.0 9.7 x 1073 6.5 50 0.5 —0.5 0 48 (57) 101 (90) 42 (3.8)

* Average intial TOC value: 0.289 g C g~ ' IER (100%).

° Experiment at the centre of the experimental region (average of three repetitions), denoted as 0 in Fig. 1.
¢ Standard deviation: 3 min for #4;, and 12 mg for W(CaCO3).

4 Control experiments (values predicted by the model are given in parentheses).

Under the experimental conditions chosen, the minimum
value of #4, was found in the upper right quadrangle of the
contour plot (Fig. 1a), at a relatively high rate of HO, addition
and a [Fe(I)]p between 11 and 21.4 mM. The contour plot shows
that the rate of H,O, addition was of practically no effect at
[Fe(Il)]p < 11 mM. In contrast, z4;; decreased very rapidly with
increasing [Fe(II)], until a value of approx.11 mM was reached,
and a rather flat response was observed for [Fe(Il)], > 11 mM.

These observations might be interpreted by taking into
account the capacity of the IER used in this work (3.07 mval/g
(corrected for water content, § 2.1), meaning that 1 g of IER
would be saturated by 100 mL of an aqueous solution of 15 mM
of Fe(Il)). Spectrophotometric analysis of the complexation of

(@  [Fe(ll)]

7924

Ve

iron ions by the IER (§ 2.3) showed that, as long as the
concentration of Fe(Il) was smaller than that needed for
saturation, Fe(II) was practically quantitatively bound to the
IER (>99% determined for 14 mM of Fe(II) after 7, 11 and
30 min, Fig. 2). In fact, values of absorbance did not vary for
more than 0.01 units after 7 min. Under these conditions, the
Fenton reaction should take place almost exclusively at the IER
surface and an increase in [Fe(Il)], from its minimum value to
IER saturation should lead to a decrease of #4;,. In fact, t4;, was
observed to decrease very fast (from approx. 160 to 24 min)
when [Fe(Il)]y was increased from 2 up to 14 mM, showing that
the IER-bound catalyst was most effective for the oxidative
degradation and dissolution of the polymer beads.

(b) [Fe(l)]

I
25
H202

Fig. 1. Contour plots representing the effects of the initial concentration of Fe(Il) (mM) and of the rate of H,O, addition (mL min™ ! on (a) the IER dissolution time
(t4is (min), bold numbers), and (b) mineralization (W(CaCOs) (mg), bold numbers) at 50 °C. The different symbols represent experiments at 40 °C (A ), 50 °C (@)
and 60 °C (@). Grey numbers represent the values of the normalized variables X; and X,.
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Fig. 2. Evolution of the concentration of Fe(II) in an aqueous solution (100 mL)
upon suspending 1 g of IER (Amberjet 10.5 1500 H); [Fe(Il)] = 2-20 mM,
50 °C.

When the [Fe(Il)], was increased above the IER capacity
(14-21.4 mM), the concentration of Fe(II) ions in solution
increased, however, 4;; was not so much affected (Fig. 1a). This
means that an increased hydroxyl radical (HO®) generation in
the bulk aqueous phase (Eq. (1) did not contribute significantly
to the IER dissolution. This result suggests that the diffusion to
and reaction of HO® with the polymer surface is slower than the
lifetime of the radical. The increase of #4; at [Fe(I)]o > 16 mM
might even indicate that known competing reactions, such as
(5) and (6) are gaining in importance.

Fe(IT) + HO® — Fe(IIl) + HO~ (5)
HO* + H,0, — H,0 + HO,* (6)

Focusing on either minimum costs or on the use of the Fenton
process for the production of material of potential use, e.g. as
polyelectrolytes, mineralization should be kept at a minimum.
The contour plot for the extent of mineralization (W(CaCOs3)
until #4;; (Fig. 1b) shows that the minimum region is located in the
lower right quadrangle with a minimum value at the limit of the
experimental region, i.e. at [Fe(I[)]o < 0.8 mM. As in the case of
t4is» mineralization is primarily controlled by the initial amount of
Fe(II) ions, but, in contrast to 4, a smooth increase is observed
as [Fe(I)], increases, without any particular behavior related to
the IER capacity (Fe(Il)], > 14 mM). This result may be an
indication that mineralization is taking place mainly in solution.
However, as this response is integrating CO, production during
the whole dissolution process, several effects have to be taken
into account: (1) oxidation of the IER surface, (2) dissolution of
the polar polymer fragments produced and their subsequent
further oxidation and mineralization in solution, (3) decom-
plexation and desorption of Fe(II/IIl) as IER degradation
progresses and 4) complexation of Fe(IIl) (Eq. (1)) in solution by
carboxylic acids (§ 2.3), e.g. oxalic acid.

As expected, for both, the dissolution and the mineralization
processes, the effect of the reaction temperature was rather
limited in the range investigated (40—60 °C). In the case of #4;, a
shift of the minimum toward the centre of the experimental

region could be observed with increasing temperature (results
not shown).

As the minima of 74 and of (W(CaCQ3) are not at the same
location in the experimental region, a compromise has to be
sought. For example, if a [Fe(II)], of approx. 11 mM and a rate
of H,0, addition of approx. 2.0 mL min~' are employed at a
reaction temperature of 60 °C, a ty;; of 15 min and a (W(CaCO3)
of approx. 6% of the TOC suspended are predicted by the
model. Test experiments 14 and 15 (see Table 1) show that
predicted values of #4;; and (W(CaCOj3) are met experimentally
within a limit of error of less than 15%.

3.2. Effect of cross-linking and particle size

Experiments discussed above were made with a sulfonated
polystyrene copolymerized with 10.5% of divinylbenzene
(DVB). Following the hypothesis that the oxidative degradation
of the IER beads is most effectively initiated by the Fenton
reaction of surface bound Fe(Il) ions, a variation of the contents
of cross-linking agent should also effect the oxidative
degradation of the organic substrate, because the IER would
change their chemical (accessible surface concentration of
sulfonic acid groups) as well as their physical (porosity,
swelling, etc.) characteristics. An increase of the content of
cross-linking agent would also lead to the diminution of
sulfonate functionalization and, hence, to a decreased
efficiency of iron complexation. Consequently, a higher content
of cross-linking agent should effect adversely the oxidative
degradation of the IER, and indeed ?4;; was found to increase,
when the amount of DVB in the IER increased (Fig. 3). With
[Fe(I)]p = 16.2 mM, saturation of the IER was ensured for all
copolymers investigated, and the effect can only be explained
by the accessible concentration of Fe(Il) complexing sites.

The reported dependence of mineralization on the amount of
cross-linking agent (Fig. 3) is most probably due to the time of
reaction (#4;5) increasing with the amount of cross-linking
agent, since this response was always determined at ?4q.

The dissolution time (zg,) was observed to increase with
increasing bead diameter, under otherwise identical conditions
([Fe(ID)]p=16.2 mM, 2 mL min ! H,0,, 50 °C, 1 g of IER)

40 - - 40
*

35 L 35
E 30 L 30 o
g . S
S 25 4 L as E
2 25 s PO =
= 20 L 20 E
£ ¢ = ® 5%
.315‘ . o1 2
17}

] ] u
g 10 7 - 10
. [ ]
5 L s
O T T T 0
0 5 10 15 20

amount of cross-linked agent (%)

Fig. 3. Dissolution time (74;;) (#) and extent of mineralization until 74;; ()
determined for sulfonated polystyrenes copolymerized with different amounts
of divinylbenzene. [Fe(Il)]o = 16.2 mM, 2 mL min~! H,0, (15%), 50 °C.
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Fig. 4. Extent of mineralization vs. dissolution time (#;;) for IER beads of
different diameter; [Fe(Il)]o = 16.2 mM, 2 mL min~' H,0,, 50 °C.

(Fig. 4). If it is assumed that the IER dissolution is due primarily
to the Fenton reaction taking place at the interface between the
bulk solution and the polymer beads (i.e. between H,O, and
surface bound Fe(Il)), the rate of dissolution (rg;) should be
proportional to the total surface area of suspended IER particles.
The latter being dependent on the inverse of the particle radius for

e

MYM~-AH 5.9

a given total weight of suspended material, r4;s should decrease
when the particle diameter decreases, and therefore, #4;; should
increase with particle diameter (as observed, Fig. 4).

The extent of mineralization also increased with particle size
(Fig. 4) and therefore with reaction time (=tg4;s). Interestingly, a
linear relation was observed between the extent of mineraliza-
tion and t4;5, which might be interpreted as an indication of the
dominant mineralization of dissolved organic fragments. In
fact, larger beads need more time to be degraded to dissolution
(t4is), and since the reaction time for the mineralization process
increases with 745, higher values of W(CaCOj3) are reached.

The degradation of the IER beads by the Fenton process may
be visualized by REM images. For conditions where
[Fe(II)], = 2 mM and, hence, far below IER saturation, constant
bead size was still observed after 100 min of reaction time
(t4is = 160 min), but polymer degradation is clearly visible, as
the surface is locally swollen and disintegrating (Fig. 5a).
Moreover, apparently solidified outflows of partially degraded
(and not yet soluble) material can be observed (Fig. 5b). Under
conditions of [Fe(II)]o = 20 mM, i.e. beyond IER saturation, the
absence of these outflows might be due to rapid oxidation and
dissolution of such partially degraded material (Fig. 5c).
Moreover, a modification of the surface might have led to the
clearly visible adhesion between individual beads. In addition,
the bead size was found to decrease and vary considerably after
15 min of reaction time (4 = 24 min; the untreated beads are

MYM~AH 5.8

MYM~-AH 5.8

Fig. 5. REM-images of partially oxidized IER beads (Amberjet 10.5 1500 H); (a, b) [Fe(II)]o =2 mM, 2 mL min~! H,0,, 50 °C, reaction time: 100 min; (c)
[Fe(II)]p = 20 mM, 2 mL min~! H,0,, 50 °C, reaction time: 15 min, (d) unused IER beads.
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shown for comparison (Fig. 5d)). It should be noted that
particles remained spherical during the dissolution process,
confirming the importance of surface reactions.

As expected, the Fenton process did not lead to the complete
mineralization of the IER. It is known that, Fe(III) formed in the
Fenton reaction (Eq. (1)) is complexed by the carboxylic acids
resulting from the oxidation process [9,24], preventing reduction
of Fe(Ill) by H,O, (Eq. (7)) and thus recycling of Fe(Il).

Fe(I1I) + H,0, — Fe(Il) + H" + HO," (7)

In the case of the IER, even for [Fe(Il)], far below exchange
capacity, complete dissolution of the beads is achieved,
indicating that Fe(IIl) bound to the IER surface may be
reduced to Fe(Il) (Eq. (7)). This indicates that oxidation of IER
beads up to the carboxylic acid stage is not occurring on the
particles, because if this would be the case, Fe(III) would be
irreversibly complexed and not available for recycling;
consequently, complete dissolution could not be reached.

As shown for a number of organic compounds [9], the extent
of mineralization of the IER can be increased under irradiation,
due to the reduction of Fe(IIl) to Fe(Il) by photolysis of the
Fe(Ill)-complexes with low molecular weight carboxylic acids.
The presence of such Fe(Ill)-complexes was confirmed
spectrophotometrically, and the photochemically enhanced
Fenton process led to a sharp increase of the mass of CO, due to
mineralization of the IER (results to be published).
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