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Abstract

The degradation of salicylic acid (SA) was carried out utilizing classical Fenton reagents and modified Fenton with ferric iron salt and goethite
as source of iron catalyst. The efficiency of the treatments was evaluated on the basis of SA degradation degree, COD and BOD reduction. Due to
the tendency of SA to form complexes with ferric iron, decreasing the concentration of catalyst and increasing that of hydrogen peroxide intensified
SA degradation by the classical Fenton process. Application of Fe**/H,0, led to the same SA degradation degree as classical Fenton process with
the following termination, where the entire residual SA is complexed with Fe**. SA degradation by modified Fenton was intensified with higher
goethite concentration and in acidic pH conditions. The addition of UV-irradiation did not improve the action of the Fenton’s/modified Fenton’s
reagent system. Overall COD and BOD removal efficiency comprised nearly 90% under optimal treatment conditions applied.

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

Salicylic acid (SA), also known as 2-hydroxybenzoic acid
(Fig. 1, 1), is a colourless acicular crystal or a white crystalline
powder [1]. SA in the form of esters was found in several plants,
notably in wintergreen leaves and the bark of sweet birch [1].
It is produced synthetically by heating sodium phenolyate with
carbon dioxide under pressure and microbial oxidation of naph-
thalene [2]. SA is a key additive in many skin-care ointments,
creams, gels and transdermal patches [1]. Initially a concentra-
tion of 2% is used increasing to about 6% if necessary. SA is also
a common chemical in dyes. Its derivatives of mordant azo dyes
are numerically predominant and used mainly for orange and
yellow hues [3]. It is often used in conjunction with many other
agents, such as benzoic acid, coal tar, resorcinol and sulphur
[1]. SA is also used in the form of collodion basis (10-17%) or
as a plaster (20-50%) to destroy warts and corns [1]. The toxic
effects of SA and salicylates are complex. Main risks with oral
therapeutic doses are mostly gastrointestinal irritation. Due to
the severe gastric irritation with SA causes, it is no longer used
orally [1]. However, when used topically it may cause an allergic
contact rash in some people. If applied to large areas of skin, it
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may be absorbed into the blood stream and induce salicylism
[1].

Wastewater containing SA originates mainly from the syn-
thesis of SA and its derivatives and from rinsing of medical
and cosmetic manufacture equipment. This large variety of SA-
contamination sources requires innovative water purification
technologies. Advanced oxidation processes (AOP) that involve
in situ generation of highly potent chemical oxidants such as
the hydroxyl radicals have emerged as an important class of
technologies for accelerating the oxidation and destruction of a
wide range of organic contaminants in water and air [4]. The use
of AOP in SA-contaminated water treatment is to date limited
mainly to photocatalysis with TiO2/UV or modified TiO»/UV
systems [5-9]. Concerning treatment processes using ozone,
the application of some heterogeneous metal-supported cata-
lysts were found to accelerate the ozonation efficacy of SA but
resulted in considerably high ozone consumption [10,11]. Some
other AOP, such as HyO,/UV/oxygen [12] and catalytic wet air
oxidation with LaFeO3 catalyst [13] have also shown different
positive effects on SA-contaminated water purification.

Among AOP the application of Fenton’s reagent for the
destruction of water contaminants is one of the promising
technologies because of the powerful oxidising potential and
comparatively low cost. Iron (II) salts have traditionally been
used as sources of iron catalyst because they provide near-
stoichiometric generation of hydroxyl radicals from dilute H,O;
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Fig. 1. Structural formulas of SA (I) and complexes of SA with Fe3* (I1-1V).

(classical Fenton system). Recently several modifications of
classical Fenton were successfully applied for water and soil
decontamination.

Modified Fenton reactions have been used to solve apparent
disadvantages in the use of classical Fenton, including costly
acidic range needed to maintain the radical reactions, handling
problems associated with hygroscopic character and readily oxi-
dised iron (II) salts and formation of secondary pollution [14].
There are several ways to modify classical Fenton system. Some
modifications are mentioned hereafter.

For example, some researches use ferric ion as the cata-
lyst when high hydrogen peroxide concentrations are applied
[15,16]. With high hydrogen peroxide concentrations, iron (II)
is rapidly oxidised to iron (III), resulting in immediate con-
sumption of hydrogen peroxide residual. Iron (III) application
can reduce hydrogen peroxide consumption creating aggressive
conditions for effective contaminants oxidation. The application
of iron oxide minerals (hematite a-Fe,O3, goethite a-FeOOH,
magnetite Fe304 and ferrihydrite) as the catalysts in hydro-
gen peroxide oxidation of organic compounds is also effective
because of consistent rates of hydroxyl radical generation at high
concentrations of hydrogen peroxide used [17-20]. In addition,
o-FeOOH/H,0; system has the advantages over the homoge-
neous Fe?*/H,0,, Fe’*/H,0, systems from the viewpoint of
reaction pH range and the removal of iron. The application of
novel, highly stable and active heterogeneous catalysts (Fe;O3
or Fe supported into SBA-15 mesostructured material, etc.) and
increasing of the process temperature up to 80-120 °C, so-called
catalytic wet hydrogen peroxide oxidation process, can be also
a very effective modification of the classical Fenton system for
degradation of a wide range of organic compounds in water
[21,22]. The application of iron chelates (typically organic acids)
can promote chemical oxidation of contaminants by formation
of iron—chelate complexes [15,23]. The primary advantage of
these complexes is the potential for the effective generation of
hydroxyl radicals at near-neutral pH [23]. In addition, most of the
chelating agents are natural products that are readily degraded
by microorganisms. Thus, this Fenton modification is not pose
an environmental concern and can be directly compatible with
biodegradation process [15]. Hydrogen peroxide can be also
decomposed by most ions of transition metals (Cu, Zn, Mn,
etc.) and by minerals of those metals [24]. These other metals
have not been found as efficient as iron in terms of their poten-
tial to create oxidising conditions. Nevertheless, they are very
important since natural and atmospheric water may contain large
quantities of these species.

The application of Fenton oxidation technology for SA-
contaminated water purification can face one major obstacle:

formation of intensely coloured stable complexes between SA
and Fe** [25] that may influence SA degradation by Fenton
oxidation. The violet complex, tetraaquosalicylatroiron (III)
complex, (Fig. 1, IT) is formed under pH 1 and is characterized
by peak absorption at the wavelength of 530 nm. The reddish-
violet complex (Fig. 1, III) is formed under pH 2.5 and has the
maximum absorption at 480 nm. Finally, the yellow colour of
the solution under pH 7.4 and the peak absorbance at the wave-
length of 440nm are indicative of another SA—Fe>* complex
formation (Fig. 1, IV).

There are some studies that have shown the negative effect
of complex formation on organics oxidation or mineralization
by Fenton/modified Fenton treatment [26,27]. For example, the
application of cupric ions to HyO,/UV (maximum energy out-
put at 254 nm) system was reported to considerably decrease
the mineralization of humic acids due to the formation of
humic acids—cupric complexes [26]. It was found that the humic
acids—cupric complexes were more difficult to oxidize than the
non-complexed form of humic acids. The most effective pH for
SA mineralization was found to be 4.0 and the lowest effect was
obtained at pH 6.0, while the removal efficiency at pH 9.0 was in
between. This effect of pH on SA mineralization was associated
with re-distribution between complexed and non-complexed
forms of humic acids. In the study on azo dye degradation using
the modified Fenton process [27] only partial decolourization
by Fe?*/UV and Fe?*/H,0, was achieved. It was mentioned by
Kusic et al. [27] that this result might be attributed by the pos-
sible complex formation between Fe ions and dye by-products.
However, the application of UV-irradiation (maximum energy
output at 254nm) to Fe?*/H,0, allowed achieving complete
colour removal making a suggestion that Fe3*/H,0,/UV system
is able to destroy formed Fe ions-dye by-products complexes
[27].

Only a few publications consider the application of mod-
ified photo-assisted Fenton system for SA degradation. For
instance, the photodegradation of SA in aqueous dispersions of
a-FeOOH/H, 0, at neutral pH was investigated [28,29]. It was
found that the SA photodegradation process occurs not via a
photosensitization process, involving an electron injection from
an excited organic to a-FeOOH particle, but directly via the
photoexcitation of the complex H>O, with a-FeOOH particles.
Moreover SA underwent rapid decomposition and mineraliza-
tion in a-FeOOH/H,0,/UV system due to its strong ability to
complex with surface iron atoms of goethite. The photo-assisted
Fenton degradation of SA by using Fe ions on strongly acidic ion
exchange resin (SAIER) as catalyst was studied [30]. The results
indicated that the Fe/SAIER catalyst considerably enhance the
degradation rate of SA without remarkable Fe leaching to the



A. Goi et al. / Chemical Engineering Journal 143 (2008) 1-9 3

solution, suggesting that the catalyst has photocatalytic activity.
There are no any studies on the applicability of mineral-catalysed
modified Fenton system without UV-irradiation for SA degrada-
tion. Only one study [31] on the application of classical Fenton
for the SA degradation was performed. The main target of that
study was to examine the method for indirect determination
of the concentration of hydroxyl radicals in aqueous solution
by the quantitation of primary hydroxylated derivates of SA
(2,3-dihydroxybenzoic acid, 2,5-dihydroxybenzoic acid and cat-
echol) formed during the oxidation by Fenton’s reagent. The
influence of hydrogen peroxide and catalyst concentrations as
well as the effect of possible SA—iron complex formation on SA
degradation was not assessed in that research.

The main objective of the present study was to test the ability
of classical Fenton system (Fe**/H,0,) and its modifications
using Fe>(SO04)3 or a-FeOOH as source of iron catalyst to
degrade SA in water. The effect of UV irradiation addition
(with maximum energy output at a wavelength of 254 nm) to
Fe?*/H,0,, Fe**/H,0, and a-FeOOH/H,0, systems, both at
low or high dosages of catalyst applied for SA degradation was
evaluated. The influence of SA/H,O, and SA/Fe?* ratios in clas-
sical Fenton system and aqueous solution pH in a-FeOOH/H, 0,
on SA degradation was assessed. Among the factors that may
affect SA degradation by Fenton/modified Fenton SA—iron com-
plexation was considered. The effect of the applied treatment
methods on overall COD and BOD reduction and biodegrad-
ability (BOD/COD) was evaluated.

2. Experimental

SA, purchased from Aldrich Co., was of analytical grade. The
solutions were prepared dissolving SA in twice-distilled water.
The initial concentration of SA in all experiments was 4 mM.
All experiments were carried out at 20 £ 1 °C and repeated.

Fenton (Fe**/H,0;), photo-Fenton (Fe?*/H,0,/UV) and
modified Fenton treatment (Fe3*/H,0,, Fe3*/H,0,/UV, a-
FeOOH/H,0; and a-FeOOH/H,0,/UV) were performed in the
batch mode. In Fenton, photo-Fenton and modified Fenton treat-
ment the pH was adjusted to 3.0, if not specified otherwise. The
adjusting of pH was done with 0.1 and 1.0N solution of HySO4
or 0.1 and 1.0N NaOH. A standard procedure consisted of treat-
ing 1.2L of fresh SA solution in the cylindrical glass reactor
with magnetic stirring.

A mercury low-pressure OSRAM lamp with an energy
input of 10 W located inside the reactor in quartz tube was
used as an UV-source during photo-Fenton/modified photo-
Fenton treatment. The UV-irradiation intensity at 254 nm
measured with potassium ferrioxalate actinometry [32] was
3.20 £ 0.07 pEinstein/s. The lamp was turned on at least 10 min
advance to insure constant output. The reactor was maintained
at desired temperature 20 £ 1 °C using cooling jacket and the
temperature was controlled by the thermometer immersed to
the solution.

Different concentrations of Fe** (from 0.25 to 1.6 mM), Fe3*
(from 0.25 to 0.5 mM) or a-FeOOH (from 0.15 to 1.0 g/L) and
H,0; (from 4 to 16 mM) were used in these experiments. Fer-
rous sulphate (FeSO4-7H,0), ferric sulphate (Fe2(SO4)3-9H,0)

and goethite (98% <5 pm) were used as sources of iron in
applied Fenton/modified Fenton treatments. Goethite (catalyst
grade), purchased from Aldrich Co., was used without any pre-
treatment. SA solution and a-FeOOH were magnetically stirred
for ca. 30 min prior to H>O; addition to ensure the establishment
of sorption/desorption equilibrium of organics on the surface of
goethite. At time intervals the samples were withdrawn from
the reactor and filtered through a Millipore filter (0.45 pm).
The reaction was stopped by adding 10% aqueous solution of
Na;S0s3. Oxidation experiments were conducted using dupli-
cates. Results are presented including =+ standard deviation of
the mean (n=2).

The degradation of SA was followed with a HPLC
microchromatograph CLAS MPm coupled with UV-vis detec-
tor SAPHIRE. Ten microliters were injected to microcolumn
MAG 0 (1.5 mm x 150 mm), filled with Biospher PSI 100 C18,
5 wm. The isocratic method with a solvent mixture of 40% ace-
tonitrile and 0.2% of acetic acid in water and the flow rate of
70 wL/min was applied. The retention time for SA was 5.5 min
and the detection wavelength of 296 nm.

After the designated Fenton/modified Fenton oxidation time,
milk of lime (10%) was added (1.4 g CaO/L of treated solu-
tion) to raise the pH to a level where dissolved ferrous iron is
precipitated as ferric hydroxide. Then the solution was left for
the sedimentation up to 24 h and further filtered through a paper
(blue ribbon) filter. After this post-treatment COD and BOD val-
ues of the supernatant were measured indicating their reduction
in overall treatment processes.

Total dissolved iron concentration in bulk solution dur-
ing the modified Fenton treatment used goethite as source of
iron catalyst and in the post-treated solutions was measured
photometrically with 1,10-phenanthrolinium chloride (He\ios
UV-vis spectrophotometer, Thermo Electron Corporation, UK)
at492 nm [33]. The residual concentration of hydrogen peroxide
after Fenton/modified Fenton treatment and the post-treatment
described above was measured photometrically (HeNios UV-vis
spectrophotometer) at 410nm as a complex with Ti** [34].
Hydrogen peroxide was not found in the samples sent to COD
and BOD analyses.

COD was determined by closed reflux, titrimetric method
[35]. In addition, the 7-day biochemical oxygen demand of the
initial and treated solutions of SA was determined [35]. Dis-
solved oxygen was measured before and after incubation using
the membrane electrode method with Marvet Junior oxygen
analyser (model MJ2000).

3. Results and discussion

3.1. Degradation of salicylic acid by Fenton treatment and
its modifications

Fenton and modified Fenton were applied for the degradation
of SA. In Fenton treatment, both the concentration of hydro-
gen peroxide and the catalyst (Fe>*) affected the degradation of
SA. Relatively high molar ratios of HyO; to SA in Fenton treat-
ment were favourable when keeping hydrogen peroxide/catalyst
molar ratio constant at 10:1 (Fig. 2, where C and Cy are SA
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Fig. 2. Degradation of SA by Fenton treatment (pH 3.0) at the molar ratio of
H,0,/Fe?* =10:1 and different molar ratios of SA/H, 05, where (a) 1:1, (b) 1:2,
(c) 1:2.5, (d) 1:3, and (e) 1:4.

concentrations at given treatment time and zero reaction time,
respectively), as the degradation time of SA was considerably
shortened with the increase of HO» concentration. For example,
when H>O; admixture was 16 mM (SA/H,O, = 1:4), complete
degradation of SA (100%) was achieved in 1-2 min only. Lower
ratios of HyO; to SA (from 2:1 to 3:1) did not allow achieving
complete degradation of SA in Fenton treatment. The degra-
dation was fast at the initial stage of the treatment but then
stopped.

The residual concentration of hydrogen peroxide measured
immediately after the treatment was 6-8% of the initial value,
which could not be the reason of reaction termination. It can be
supposed that SA degradation by Fenton treatment was retarded
by formation of stable complex between Fe3* (formed by the oxi-
dation of ferrous iron during the Fenton reaction) and the residual
target compound. Similar negative effect of humic acids—cupric
complexes on humic acids mineralization by application of
Cu2+/HzOz/UV was observed by Liao et al. [26].

The formation of the complexes was observed by the
change in reaction mixture colour to dark violet and moni-
tored spectrophotometrically (the wavelength scan over a range
of 400-600nm). The violet colour and the maximum peak
absorbance at a wavelength of 530 nm are indicative of complex
IT (Fig. 1) formation. However, other complexes of SA—Fe3*
(Fig. 1) were also formed. Moreover, ferric iron generated
during the oxidation of ferrous iron could be bonded by the for-
mation of different complexes with salicylic acid degradation
by-products. Besides the primary derivates of SA, such as 2,3-
dihydroxybenzoic acid, 2,5-dihydroxybenzoic acid and catechol
[12,31] the major by-products of SA degradation are various
organic acids, such as muconic, oxalic and malonic [8,10,12,13]
that have a tendency to complexation.

In the case of Fenton treatment with the molar ratio of
H;0,/SA =1:1, SA degradation was retarded and further termi-
nated also due to the low concentration of hydrogen peroxide.
The residual concentration of H;O, measured immediately after
the treatment (60 min) was zero in this case.

Due to the tendency of SA to form complexes, decreas-
ing the concentration of Fe?* intensified SA degradation. As
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Fig. 3. Degradation of SA by Fenton treatment (pH 3.0) at different molar ratios
of SA/H,0,/Fe?*, where (a) 1:1:0.1, (b) 1:1:0.05, (c) 1:1:0.025, (d) 1:2.5:0.25,
(e) 1:2.5:0.125, and (f) 1:2.5:0.0625.

can be seen in Fig. 3 (cases b and e), a two-fold decrease
of Fe?* (H,0»/Fe** =20:1) at constant SA/H,0, ratio consid-
erably reduce SA concentration but did not allow achieving
complete degradation. The study of Liao et al. [26] also indicated
that the reduction of cupric ion concentration showed the positive
effective in humic acids mineralization by Cu?*/H,0,/UV.

A further two-fold reduction of the catalyst concentration
(H,0,/Fe?* =40:1) did not accelerate the degradation of SA;
however, it allowed achieving approximately the same SA degra-
dation degree as in the previous case within longer treatment time
(Fig. 3, cases c and f). The possible reason is that low concentra-
tions of Fe?* retard SA—Fe** complexation due to insufficient
ferric iron formation allowing hydroxyl radicals to attack the
non-complexed SA. This was clearly observed at high H,O,/SA
molar ratios (2.5:1).

Usually, enhancement of organic decomposition is observed
during the photo-Fenton. This is probably due to photolysis of
aqueous complex Fe(OH)**, which is an important source of
OH* (Eq. (1)).

Fe(OH)’* + UV — OH® + Fe’*t (1)

In addition, the photolysis of Fe(OH)** regenerates the oxidised
Fe?*, so the photo-enhanced Fenton process needs lower Fe?*
dosages compared with the conventional Fenton process [36].
However, the present study demonstrated that UV-irradiation
with the maximum energy output at a wavelength of 254 nm did
not substantially improve the action of the Fenton’s reagent sys-
tem (Fig. 4). Several reasons may be responsible for retardation
in the degradation of SA by photo-Fenton treatment making
the degradation close to that (Fig. 4, cases ¢ and d) or even
slower (Fig. 4, cases e and f) than in the Fenton treatment. Firstly,
SA-—iron complexes have a strong absorption at 254 nm; weaken
the intensity of photonic flux on aqueous complex Fe(OH)>* by
acting as an inner filter. The photoexciting of the complex (Eq.
(1)), which is the initial step in the homogeneous photo-Fenton
mechanism, is therefore hindered. Secondly, the competitive
complex formation between SA with Fe** (Fig. 1) and OH®
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Fig. 4. Degradation of SA by Fenton/photo-Fenton treatment (pH 3.0) at dif-
ferent molar ratios of SA/H,O»/Fe*, where (a) 1:1:0.03, (b) 1:1:0.05+ UV, (c)
1:2:0.1, (d) 1:2:0.1+ UV, (e) 1:2.5:0.0625, (f) 1:2.5:0.0625+ UV, and (g) UV
only.

with Fe* (Eq. (2)) also may influence the degradation of SA.
Fe2t + OH®* — Fe(OH)?t )

Slight acceleration of SA degradation in the first stage
of photo-Fenton oxidation with subsequent termination was
observed at higher molar ratios of H»02/SA=2.5:1 and
H,O0,/Fe*t =40:1 (Fig. 4, cases aand b) only. However, the same
final SA degradation degree was achieved in both Fenton and
photo-Fenton reactions (Fig. 4). Application of photo-Fenton
was found unreasonable as more complicated and, therefore,
costly method. Low reduction in SA concentration (104 1%
for 60 min) was observed when the UV-irradiation alone was
applied (Fig. 4, case g).

Modified Fenton/photo-Fenton (with Fe;(SO4)3 or a-
FeOOH as source of iron) was also applied for SA degradation
(Figs. 5 and 6). If only ferric iron is originally present, it can
be regenerated via reactions (3)—(5) to ferrous iron required for
catalyzing of HyO, decomposition with the following hydroxyl

C/Cco

S
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Fig. 5. Degradation of SA by modified Fenton/photo-Fenton treatment (pH
3.0) at different molar ratios of SA/H,O»/Fe’*, where (a) 1:2.5:0.0625, (b)
1:2.5:0.0625 + UV, (¢) 1:2.5:0.125, and (d) 1:2.5:0.125+UV.
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Fig. 6. Degradation of SA by modified Fenton (a-FeOOH/H,0,) and
modified photo-Fenton (a-FeOOH/H;0,/UV) treatment (pH 3.0), where
(a) SA/H,0, =1:4, a-FeOOH 0.15g/L; (b) SA/H,0, =1:4+ UV, a-FeOOH
0.15g/L, (c) SA/H;0, =1:4, a-FeOOH 1.0 g/L, and (d) SA/H,0, =1:4+ UV,
«-FeOOH 1.0 g/L.

radical formation [20]:

Fe’t + Hy0, — Fe?t +HO,* + HT 3)
HO,* < O*” +H* 4)
HO,* + Fe’t — Fe?t +0, +H* 5)

A two-fold increase in ferric iron initial concentration (from
0.25 to 0.5 mM) allowed accelerating SA degradation resulting
in the same degradation degree of SA (82%) in shorter time
(Fig. 5). The degradation of SA was not improved by addition
of UV-irradiation to Fe3*/H,0, system. This effect was simi-
lar to that observed in the Fenton coupled with UV-irradiation.
Moreover, the application of Fe3*/H, 0, and Fe3*/H,0,/UV led
to the same degradation degree of SA as in classical Fenton treat-
ment with following termination, where the entire residual SA is
complexed with Fe3*. The substantial SA degradation (85-88%)
in the first stage (prior to the termination) of the treatment sug-
gests that reactions (3)—(5) are considerably faster than complex
formation.

In mineral-catalysed Fenton oxidation SA degradation took
place mostly in the first stage (1-3 min) of the treatment (Fig. 6).
Further SA—Fe3* complex formation on solid and solute phases
terminated SA degradation because iron complexes cannot catal-
yse HyO» to produce reactive species. The termination in SA
degradation after 1-3 min of the treatment was observed under
all pH conditions and goethite dosages applied.

In general a reaction mechanism in mineral-catalysed Fen-
ton incorporates a single rate limiting step controlling HoO»
loss and ultimately contaminant degradation, superoxide and
hydroxyl radical formation, scavenging reactions of oxygen rad-
icals with the metal-oxide surface and contaminant degradation
by reaction with hydroxyl radicals that are formed by both sur-
face and solution reactions [37]. In surface reactions mechanism
the overall reaction rate will include various steps such as dif-
fusion of chemicals to the surface, surface complex formation
(that is, specific adsorption on the reactive sites), actual electron
transfer, dissociation of the successor complex (that is, desorp-
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Fig. 7. SA removal (%) by modified Fenton treatment (SA/H,0; = 1:4, M/M)
at different initial pH values and goethite loads.

tion of products), and (re)generation of the reactive sites [38].
The first-order relationship with respect to the concentrations
of HyO, and a-FeOOH indicating the rate-determining step in
hydrogen peroxide decomposition is presented in Eq. (6) [38].

=Fe"OH + H,0, — =Fe'—OH, + HO,* (6)

The effect of goethite load on the degradation of SA
by o-FeOOH/H,O;, treatment at constant molar ratio of
SA/H>0; =1:4 is shown in Fig. 7. The increase of goethite load
from 0.15 to 0.5 g/L at pH 3.0 did not affect the degradation and
resulted in 43+ 1% SA removal. In contrast to Fenton treat-
ment, considerable increase of catalyst concentration (goethite
load increased from 0.5 to 1.0 g/L) improved the degradation and
resulted in highest (92 £ 1%) removal of SA by a-FeOOH/H,0»
under acidic conditions. The residual concentration of hydrogen
peroxide — 22.5% of the initial 16 mM — was also the lowest
among all the treatments with different dosages of goethite used
under acidic conditions. In the experiments without hydrogen
peroxide addition and at pH 3.0, adsorption of SA on the sur-
face of goethite was 10.8 £ 1.7% at high goethite load (1.0 g/L)
and less than 1% at low goethite dosages (0.15 and 0.5 g/L).

The dissolution of iron under acidic conditions and at differ-
ent dosages of goethite (SA/H,O, = 1:4) isdescribed in Fig. 8. At
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Fig. 8. Effect of goethite load on iron dissolution in modified Fenton treatment
of SA (SA/H,0, =1:4 M/M, pH 3.0).
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Fig. 9. Iron dissolution mechanism from goethite by complexation in the pres-
ence of SA.

zero-reaction time sufficient concentration of dissolved iron for
catalyzing hydrogen peroxide decomposition was found in bulk
solution. The amount of dissolved iron considerably increased
during the treatment especially at high dosages (0.5 and 1.0 g/L)
of goethite. Thus large amounts of iron dissolution at the acidic
conditions reduced the concentration of iron oxide and change
the mechanism of the reaction from the surface based to the
solution based.

In general the dissolution mechanisms of iron from iron min-
erals can be classified according to the solutant type and the
reaction that takes place prior to dissolution. Three dissolu-
tion mechanisms are distinguished: protonation, complexation,
and reduction [39]. In the case of SA the dissolution mecha-
nism by complexation is obviously has to be prevalent. This
was also shown by He et al. [28]. Dissolution by complexa-
tion involves attachment of a compound (other than H*) onto
the crystal surface. Sometimes protonation (Eq. (7)) is required
prior to complexation, where a strongly complexing ligand in
the solution is replaced by a protonated OH-group bound to the
substrate.

a-FeOOH + 3H' — Fe3t +2H,0 (7

The surface ion-ligand complex ultimately detaches into the
aqueous phase [39]. High polarity of iron (hydr)oxides surface
complex will lead to a decrease in bond strength between the
surface iron and its neighbouring atoms, which facilitates iron
dissolution. A possible mechanism by which SA is complexing
with surface iron atoms of goethite is shown in Fig. 9.
Experiments to study the influence of pH on the treatment
of SA by a-FeOOH/H,0O; were carried out (Fig. 7). SA could
present in the solution in different forms—non-dissociated at
pH <3.0, and dissociated at pH 6.0-12 (the pK, for SA is 2.97
[1]). As can be seen in Fig. 7, the highest removal of SA was
observed at pH 3.0 (Fig. 7). The considerable increase in SA
degradation (prior complex formation) under acidic conditions
was probably achieved mainly by the leaching of iron in bulk
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Table 1

BOD, COD values =+ standard deviation of the mean and BOD/COD ratio for initial and treated SA solution

Ratios applied COD (mgO/L) BOD (mg O/L) BOD/COD
Initial [SA]gp =4 mM 880 + 6 540 £ 8 0.6
SA/H,0,/Fe?* =1/1/0.025 664 £ 0 435 £ 10 0.7
SA/H,0,/Fe*t =1/1/0.05 560 + 3 380 + 6 0.7
SA/H,0,/Fe?*'UV = 1/1/0.05/UV 540 £ 3 380 + 12 0.7
SA/H,0,/Fe*t = 1/2/0.05 362 £ 0 - -
SA/H,0,/Fe?* =1/2/0.1 311+ 0 190 + 7 0.6
SA/H,0,/Fe**/UV =1/2/0.1/UV 311+ 0 180 £ 8 0.6
SA/H,0,/Fe?* =1/2.5/0.125 200 £+ 7 120 £ 3 0.6
SA/H,0,/Fe*t =1/2.5/0.25 140 £ 0 90 £ 1 0.6
SA/H,0,/Fe?*'UV = 1/2.5/0.0625/UV 136 £ 0 125 + 2 0.9
SA/H,0,/Fe*t =1/3/0.3 95 +£2 40 £ 1 0.4
SA/H,0,/Fe*t = 1/4/0.4 70 £ 2 40 £ 2 0.6
SA/H,0,/Fe’t =1/2.5/0.125 282+ 0 160 £ 1 0.6
SA/H,0,/Fe’*/UV = 1/2.5/0.125/UV 230 £ 8 132 £ 13 0.6
SA/H,0,/Fe?t = 1/2.5/0.0625 136 £ 0 110 £2 0.8
SA/H,0,/Fe?*/UV = 1/2.5/0.0625/UV 175+ 0 130 £5 0.7
SA/H;0;, =1/4, UV, a-FeOOH 0.15 g/L 669 £ 0 457 £ 1 0.7
SA/H,0; =1/4, a-FeOOH 0.15 g/L. 629 + 0 426 + 12 0.7
SA/H;0; = 1/4, a-FeOOH 0.5 g/L. 594+ 0 475 £ 10 0.8
SA/H,0;, =1/4, a-FeOOH 1.0 g/L 88 £ 0 76 £ 1 0.9
SA/H;0;, =1/4, UV, a-FeOOH 1.0 g/L 98 + 8 80 £ 5 0.8
UV only 850 + 3 - -

(-) Not measured.

solution (Eq. (7)), which catalyse the decomposition of hydrogen
peroxide with the subsequent formation of OH® (Eq. (3)).

Similar to the systems described above, UV-irradiation addi-
tion to a-FeOOH/H,0; treatment, both at low (0.15g/L) or
high (1.0 g/L) dosages of goethite and acidic conditions, did
not promote the decomposition of SA (Fig. 6). High concentra-
tion of dissolved iron in bulk solution during SA degradation by
goethite-catalysed photo-Fenton treatment at pH 3.0 made the
presumption that the solution based mechanism was predomi-
nated.

Similar removal (20 £ 1%) of SA was achieved by modified
Fenton treatment at the initial pH 6.0 and 9.0. The residual
hydrogen peroxide was 52+ 1% of the initial value in both
cases after 60 min of treatment. Some increase in SA degrada-
tion degree (32 +2%) was observed at the initial pH 12. The
observed positive effect in SA removal at pH 12 can be attributed
to 11.5+£0.5% SA adsorption on the surface of goethite par-
ticles while at pH 3.0, 6.0 and 9.0 the adsorbed amount was
less than 1%. Moreover, the decomposition rate of hydrogen
peroxide during SA treatment at pH 12 was the highest and the
residual concentration after 60 min of the treatment comprised
22.5%. This is supported by Chou and Huang [40] who observed
that the rate constant of hydrogen peroxide decomposition on
supported-iron oxide increased with pH. Thus, the oxidation of
SA at these pH values probably occurred with OH® formed dur-
ing decomposition of H,O» on the surface sites of a-FeOOH, as
proposed by Lin and Gurol [38] because dissolved iron was not
found in bulk solution. Thus, it can be concluded that the influ-
ence of pH on the reaction activity of goethite and the effect of
surface and/or liquid complexes formation was also important.

The residual dissolved iron after Fenton/modified Fenton
treatment was removed by milk of lime with consequent fil-
tration; 0.1-5% of the initial value content remained.

3.2. Effect of Fenton and its modification on overall COD
and BOD reduction and biodegradability

The initial biodegradability of SA in water was accept-
able (BOD/COD=0.6); however, further biodegradability
improvement (up to BOD/COD =0.9) was observed after Fen-
ton/modified Fenton treatment with the following post-treatment
(Table 1). Moreover, the application of these treatment methods
allows achieving up to 90% of overall COD and BOD reduction
in comparatively short treatment time. The overall reduction of
COD and BOD was increased with increasing hydrogen per-
oxide and catalyst concentrations in classical Fenton treatment.
Photo-Fenton treatment resulted in the similar overall reduc-
tion of COD and BOD values as Fenton with the same ratio of
H,0,/Fe”* and the subsequent post-treatment applied. Further-
more, the removal of SA in both treatment processes was also
very similar (Fig. 4). This is probably due to the minor role of
UV-irradiation in SA and its by-products degradation by photo-
Fenton. The reduction of COD by UV-irradiation alone was
negligible, suggesting that the synergism of catalyst and hydro-
gen peroxide is mostly responsible for COD reduction. Even
though SA degradation degree in Fe**/H,0, treatment using
0.25 and 0.5 mM of ferric iron were similar (Fig. 5), overall COD
reduction was somewhat lower when high (0.5 mM) catalyst
concentration was applied, resulting in less biodegradable by-
products formation. A similar effect on overall COD reduction
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and biodegradability was observed after the application of modi-
fied photo-Fenton treatment when the concentration of Fe>* was
doubled from 0.25 to 0.5 mM (SA/HzOlee3+= 1:2.5:0.0625
and SA/H,0,/Fe3* = 1:2.5:0.125, respectively).

Overall COD and BOD reduction after modified Fenton/
photo-Fenton treatment with a-FeOOH as iron catalyst source
and the subsequent post-treatment with milk of lime was mostly
lower than after Fe>*/H,0, or Fe’*/H,0, treatment applica-
tion. Considerable reduction of overall COD and BOD values
was achieved only at high dosages of goethite (1.0 g/L) applied
under acidic conditions. The increase in biodegradability after
the application of a-FeOOH/H,0, under acidic conditions and
all goethite dosages used was obvious. However, the further
optimization of this system from the viewpoint of effective SA
removal in neutral pH range and usage of naturally occurring
iron minerals in the absence of soluble iron is required.

4. Conclusions

The present study demonstrated that Fenton/modified Fenton
were able to degrade SA in aqueous medium. SA—iron com-
plex formation considerably affected SA degradation by all the
treatment methods applied.

In the Fenton process, both the concentration of hydrogen
peroxide and the catalyst (Fe?*) influenced the degradation of
SA. The degradation time of SA was considerably shortened
with the increase of HyO, concentration. A 100% reduction
of SA was achieved in 1-2 min only when the molar ratio of
SA/H,0,/Fe** was 1:4:0.4. Due to the tendency of SA to form
complexes with Fe3*, lower ratios of SA/H>O5/Fe** did not lead
to complete degradation, resulting in up to 80% of SA removal.
However, a two-fold reduction of the catalyst was favorable in
this case.

Similar to the Fenton treatment the degradation of SA by
modified Fenton was terminated by SA—iron complex forma-
tion. Fe3*/H,0, enabled to achieve the same SA degradation
degree of SA as classical Fenton. Moreover, the application
of Fe**/H,0, treatment did not show any advantages in over-
all COD and BOD reduction compared with classical Fenton’s
reagent treatment.

The acidic pH conditions and high goethite load in modified
Fenton used goethite as a catalyst source enabled SA decom-
position of up to 92 & 1%. The considerable leaching of iron to
bulk solution at pH 3.0 showed that the solution based mech-
anism in SA oxidation by a-FeOOH/H,0, was predominant.
Some degradation of SA was observed at near-neutral (6.0) and
higher pH values. Dissolved iron was not found in bulk solution
at pH 6.0, 9.0 and 12 making a presumption that the surfaced
based mechanism took place.

The photo-Fenton process did not accelerate the degrada-
tion of SA compared with the Fenton process. UV-irradiation
addition to Fe3+/H202 and a-FeOOH/H;0; systems, both at
low or high dosages of catalyst applied, did not promote the
decomposition of SA as well.

The post-treatment of the solution by milk of lime and
subsequent filtration can easily reduce the residual iron in the
aqueous phase to the level of less than 6.5 mg/L that is complied

with the set requirements for wastewater discharge to local
sewerage.

Even though the effect of iron catalyst type on biodegrad-
ability was not obvious, the application of all studied methods
at the optimal conditions with the subsequent post-treatment by
milk of lime addition allowed achieving up to 90% of over-
all COD and BOD reduction and considerable biodegradability
improvement.
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