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Abstract

Since they often inhibit abundant bacteriological populations in municipal wastewater treatment

plants, alternative treatment methods should be investigated — including advanced oxidation processes.

This paper studies the degradation of three representatives of phenolic compounds using the Fenton sys-

tem in the presence of chlorides and sulfates: phenol, 2-chlorophenol and 2-nitrophenol. The presence of

anions influenced degradation rates of all studied compounds, which is attributed to the reduction in hy-

droxyl radical generation due to the formation of iron-complexes as well as the formation of much less

reactive inorganic radicals. Differences between degradation rates of studied compounds and their degra-

dation products in comparison to the rates observed for pure components show higher resistance of formed

intermediates in comparison to phenol or 2-nitrophenol. Additionally, it was found that present anions in-

fluence further biodegradation of phenolic compounds but not similarly for all the compounds.
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Introduction

In industry and daily life, phenolic compounds are
widely used and have become common pollutants in
wastewaters. They are present in high concentrations in
wastewater that originates from different branches of in-
dustry such as oil-refineries, petrochemical, iron-smelt-
ing, food or resin manufacturing. Although the toxicity
of phenolic compounds is not as high as heavy metals or
biocides, their high contamination often inhibits or even
eliminates bacteriological populations in municipal bio-
logical wastewater treatment plants. Additional high sol-
ubility and stability makes their removal by means of
common biological treatment practically impossible.
Hence, the introduction of newer technologies to degrade
these recalcitrant molecules into smaller molecules that
lend themselves to further oxidation by biological meth-
ods has become imperative [1]. Advanced oxidation

*Corresponding author; e-mail: sox@chem.univ.gda.pl

processes (AOPs) based on the generation of very reac-
tive hydroxyl radicals, which rapidly and non-selectively
oxidize a broad range of organic pollutants, have re-
ceived much attention in recent years. Hydroxyl radicals
are generated through different combinations of oxidants
as well as a whole range of photocatalytic systems [2-8].
Among these processes, Fenton’s reagent (Fe*’/H,0,) and
the Fenton-like reagent (Fe™/H,O,) have been the subject
of numerous studies in order to study mechanism and the
reaction kinetics and to examine the efficiency of the
process for the removal of organic pollutants [9-12]. The
Fenton process is based on an electron transfer between
H,0, and Fe*" acting as homogenous catalyst. The process
generates hydroxyl radicals as described by Walling [9]:

Fé* + H,0, — Fe** +OH™ +-OH (1)

The generated -OH radicals have an oxidizing poten-
tial of 2.6V vs. NHE and is capable of oxidizing a wide
range of organics in wastewater.
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The Fenton system has been used successfully in the
treatment of phenolic compounds like phenol, chlorophe-
nols or nitrophenols [13]. Fenton reaction can addition-
ally be applied for an enhancement of biodegradation of
various contaminants [14-18]. Industrial wastewater
however, usually contains not only organic pollutants,
but also considerable concentrations of common inorgan-
ic ions such as chloride, sulfate, nitrate or phosphate. Es-
pecially sulfate and chloride ions may have an effect on
the efficiency of the Fe*/H,O, and Fe*/H,O, systems due
to the formation of complexes with both Fe*" and Fe™,
whose reactivity may be different if compared to free iron
species. Furthermore, chloride and suflate can scavenge
‘OH-forming inorganic radicals such as SO,", CI, CI ",
which are less reactive if compared to hydroxyl radicals
[19].

Usually, when studying the applicability of AOPs to
the degradation of certain groups of contaminants the ef-
fect of inorganic salts on the overall rates of decomposi-
tion are ignored. Up to now, only a few studies have rec-
ognized the importance of this issue and examined the in-
fluence of anions on Fenton’s reaction [12, 20-23]. This
work was therefore undertaken in order to examine the
influence of chloride and sulfate anions on the degrada-
tion rates of phenol, 2-chloro- and 2-nitrophenol utiliz-
ing Fenton system. These three organic solutes are con-
gener representatives of phenolic contaminants ubiqui-
tously present in domestic and industrial wastewater.

Materials and Methods
Reagents

Phenol, 2-chlorophenol and 2-nitrophenol (analytical
grade) were purchased from POCh (Gliwice, Poland)
Sodium sulfate and sodium chloride were obtained from
Standard (Lublin, Poland). Hydrogen peroxide was pur-
chased from Techmar (Poland). Monopotassium phos-
phate, o-phosphoric acid 85% and acetonitrile HPLC gra-
dient grade was purchased from POCh (Gliwice, Poland).
Iron (II) perchlorate hydrate 98% was purchased from
Aldrich. Deionized water was obtained in-house by treat-
ing tap water with a carbon filter, reversed osmosis,
a mixed bed of ion exchangers and a 0.45 um filter.

Degradation

The batch experiments were conducted by starting
with initial concentrations of the phenolic solute, chlo-
ride or sulfate ions in the presence of Fenton reactant.
The parameter that varied was the dose of hydrogen per-
oxide. Reactions were carried out in unbuffered aque-
ous solutions at 22°C + 1 in the absence of light and in
bath reactor (2L) open to atmosphere. Initial concentra-
tions of phenol (Ph), 2-chlorophenol (2-CL-Ph) and 2-
nitrophenol (2-NO,-Ph) were 2.66mM, 1.95mM,
1.8mM, respectively. Hydrogen peroxide concentration

was adjusted to the molar ratio of 0.2 to 3.5 mM of H O,
per 1 mM of phenolic compound. The molar ratio of fer-
rous ion: phenolic contaminant were kept at 0.01:1. This
resulted in 0.026, 0.019 and 0.018 mM of iron (II) per-
chlorate used in the degradation of phenol, 2-chlorophe-
nol and 2-nitrophenol, respectively. Concentrations of
inorganic salts were 20mM of NaCl and 7mM of
Na,SO,.

The experiments were initiated by adding H,0, to the
solution under vigorous magnetic stirring. Residual H,O,
was measured after 24h and any residual H,0, was
quenched using a slight stoichiometric excess of sodium
sulfite. In most cases the residual concentrations of H,O,
after 24h were negligible.

Analytical Method

The analyses of phenols were carried out with an as-
sembled system consisting of an LC 10ATvp metering
pump (Shimadzu Ltd.), a syringe loading sample injector
(Rheodyne) and a UV/Vis variable wavelength detector
(Kontron Instruments). Retention times were recorded
with a 3390A HPLC integrator (Hewlett Packard). All
separations were performed using a Purospher RP-18e
column, 125 x 4.6 mm ID, 5 pm (Merck KgaA, Darm-
stadt, Germany). The analyses were performed at ambi-
ent temperature at a flow rate of 1.0 ml min™'. The elution
profiles were monitored at 254 and 220 nm. The mobile
phase was water-acetonitrile (from 70: 30 v/v) mixed
with the KH PO /H.PO, (40mM) buffer at pH = 3.1.

COD parameter was measured with HACH COD am-
poules (0 + 1500 mg O, L"'range) by colorimetric method
(APHA, 1995). The sample was heated for two hours
with potassium dichromate in the presence of silver sul-
fate and mercury sulphate (for chelating chloride ions).
The absorbance was measured at 620 nm (HACH method
8000) on a spectrophotometer Odyssey DR/2500
(HACH, Loveland, Colorado).

Hydrogen peroxide concentrations were determined
using potassium iodide and dropwise titration with sodi-
um thiosulphate.

Biodegradability was measured in oxidized (after 24h
of treatment) and unoxidized wastewater by 5-day bio-
chemical oxygen demand (BOD,) analysis. As bacterial
inoculum a small amount of activated sludge from the
bilge/ballast water treatment plant was used. The reason
for choosing this wastewater was due to the fact that it
was acclimated to the substrates studied (phenols as well
as higher concentration of inorganic salts).

Results and Discussion

Fig. 1 presents the effect of chloride and sulfate ions
on the decomposition of phenol, 2-nitro- and 2-
chlorophenol for its residual concentration after 24 h of
oxidation in the Fenton system. The applied molar ratio
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Fig. 1. Decomposition of phenol, 2-nitro- and 2-chlorophenol
for its residual concentration after 24 h of oxidation in the Fen-
ton system in the presence of chloride and sulfate ions. ([phe-
nol, 2-chlorophenol and 2-nitrophenol] = 2.66mM, 1.95mM,
1.8mM respectively, [Fe*]/[organic compound] = 0.01,
[Na,SO,] = 7mM, [NaCl]=20mM). Correlation coefficients R*
in the presence of sulfate and chloride, respectively, were: 0.99
and 0.97 for 2-chlorophenol, 0.93 and 0.96 for phenol, 0.97 and
0.94 for 2-nitrophenol.

of hydrogen peroxide to phenolic component were in the
range from 0.2 to 3.5. The Fe*'/phenolic compound ratio
was kept at 0.01.

As can be seen from Fig. 1, the concentrations of all
compounds decrease with an increase of H,0, levels. Log
values of the degradation rates of phenolic components
(In C/C)) can be linearly correlated with the concentra-
tion of H,0,. Obtained correlation coefficients in the
presence of sulfate and chloride, respectively, were: 0.99
and 0.97 for 2-chlorophenol, 0.93 and 0.96 for phenol,
0.97 and 0.94 for 2-nitrophenol. The presence of inorgan-
ic salts in the system influences this process significant-
ly. In the case of the chloride ions used, distinctive inhi-
bition of oxidation can be seen for all treated phenolic
contaminants, whereas the addition of sulfates influence
these rates to a much smaller extent. The absolute differ-
ence in slopes (degradation rates) of plotted correlations
between those registered in the presence of chloride and
sulfate are 0.71 and 0.55 for phenol and 2-nitrophenol,
respectively, and only 0.16 for 2-chlorophenol.

Higher retardation of the degradation rates in the
presence of chlorides is most likely due to the inhibiting
influence of hydroxyl radical formation. In solutions con-
taining chloride, certain amounts of free radicals are
scavenged and various chlorinated inorganic radicals are
formed (CI-, HCIOH-/CIOH+, CI,~) among which the
dichloride anion radical is the predominant one [24].
However, sulfates are also good scavengers of H,O,, the
overall effect on the degradation rates in their presence
were much lower in comparison to chloride ions. Firstly,
formed sulfate radicals (SO,~) are more reactive than
dichloride anion radicals, and can therefore take part in
the oxidation of phenolic components more efficiently.
Further, reaction constant of the formation of HO, radi-
cals is three orders of magnitude higher in the reaction of
H,0, with sulfate radicals in comparison to chloride ones
(1.2x107 vs. 4.1x10* M"'s™) [19]. Moreover, it is believed
that sulfato-iron (II) complex (FeSO,) is more reactive
towards H O, than Fe*" alone, which can additionally bal-
ance inhibitory potential of sulfate ions [12]. The rela-
tively low degradation rates (practically independent of
type of anion used) observed for 2-chlorophenol are like-
ly to be caused by the presence of additional chloride rad-
icals originating from the abstraction reactions. These en-
tities can undergo several reactions with H,0,, Fe** or free
electrons subsequently decreasing net reaction rates.

Because of the indiscriminate nature by which gen-
erated radicals degrade organic pollutants, it is neces-
sary to profile the decomposition of each waste to be
treated. Each transformation in the series of phenolic
degradation may generate several intermediate com-
pounds (carboxylic acids, quinones) which have their
own reaction rates, thus require sufficient hydrogen per-
oxide to be added to push reaction beyond the point of
build-up of undesirable intermediaries. Fig. 2 summa-
rizes results of changes in Chemical Oxygen Demand
(COD) value obtained while applying hydrogen perox-
ide in the given concentration range in the presence of



826

Siedlecka E. M., Stepnowski P.

o-L 0 NasSO,
o] B NaCl
o
-1
= o "
o
o
) o
=
34
-4 T T T T T T T T T T T T T T T 1
0,0 0,5 1,0 1,5 2,0 2,5 3,0 3.5 4,0
H,0,/2NO,-Ph
[ | O Na SO
o | | NaCl
=g ° o5
14 u o)
S
Q - .
a
o
S
= 5
-4 T T T T T T T T T T T T T T T 1
0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0
H,0,/2CI-Ph
1 -
(o] NalZSO4
®  NaCl
0
| J
]
A
19 o B
@) u |
Q o n
Q
N—
=
-3 4
-4 T T T T T T T T T T T T T T T T
0,0 0,5 1,0 1,5 2,0 2.5 3,0 3,5 4,0
H,0 /Ph

Fig. 2. Effects of chloride and sulfate ions on the changes in
chemical oxygen demand value after 24 h of oxidation in the
Fenton system. ([phenol, 2-chlorophenol and 2-nitrophenol] =
2.66mM, 1.95mM, 1.8mM respectively, [Fe*']/[organic com-
pound] = 0.01, [Na,SO,] = 7mM, [NaCl]=20mM). Correlation
coefficients R* in the presence of sulfate and chloride, respec-
tively, were: 0.98 and 0.96 for 2-chlorophenol, 0.99 and 0.94
for phenol, 0.97 and 0.93 for 2-nitrophenol

sulfate and chloride ions. Inhibitory potential of chlo-
ride ions on decomposition of 2-nitrophenol and its
degradation products is lower in comparison to the rates
observed for pure component. Net degradation of phe-
nol and its degradation intermediates is retarded greatly
by the presence of chloride ions, whereas the addition
of sulfates influences degradation in the same manner
as in the reaction with pure phenol. Degradation of 2-
chlorophenol and its decomposition products are inhib-
ited almost similarly either by sulfates or chloride ions.
The additional, comparably low, degradation rate shows
higher resistance of formed intermediates in compari-
son to phenol or 2-nitrophenol.
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Fig. 3. Changes of BOD_/COD ratio after 24 h of Fenton’s re-
action using different concentrations of hydrogen peroxide ap-
plied in the presence of sulfate and chloride ions. B Ph,
A 2NO,-Ph, ® 2CI-Ph in the presence of NaCl (20mM) and
O Ph, A 2NO,-Ph, O 2CI-Ph in the presence of Na,SO, (7mM)
([phenol, 2-chlorophenol and 2-nitrophenol] = 2.66mM,
1.95mM, 1.8mM respectively, [Fe*']/[organic compound] =
0.01)
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Fig. 4. Kinetics of the 2-nitrophenol degradation in the pres-
ence of chlorides and sulfates in the Fenton system. ([2NO,-
Ph]=1.8mM [H,0,]/[2NO,-Ph]=14 mol mol", [NaCI]=20mM,
[Na,SO,|=7mM.)
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Table 1. Comparison between Ph, 2CI-Ph and 2NO -Ph removal [%], COD removal [%] and value of BOD/COD ratio in the presence

of the sulfate and chloride ions [initial concentration].

Removal % Removal %
H,0 Jorganic [Na,SO,] =7mM [NaCl] = 20mM
Ph 2NO,-Ph 2Cl-Ph Ph 2NO,-Ph 2Cl1-Ph
0.5 18.3 59.9 40.9 20.9 21.5 359
1.5 80.3 86.9 83.9 63.7 69.9 75.9
25 92.4 96.9 - 79.9 80.1 -
COD removal, % COD removal, %
[Na,SO,] =7mM [NaCl] =20mM
0.5 41.0 12.9 343 42 6.9 445
1.5 67.9 72.7 423 85.3 58.5 55.9
2.5 72.4 84.1 59.3 87.9 68.9 66.7
BOD,/COD BOD,/COD
[Na,SO,] =7mM [NaCl] = 20mM
0.5 0.58 0.04 0.05 0.45 0.10 0.05
1.5 0.92 - - - - -
25 - 0.20 0.11 - 0.53 0.15
While studying enhanced oxidative degradability of Conclusions

any pollutant it is also important to evaluate biodegrad-
ability of degradation products [25]. A BOD /COD
ratio of 0.4 is generally considered the cut-off point be-
tween biodegradable and difficult-to-biodegradable. As
for industrial wastewaters there are no reference ratios
reported, those for municipal wastewater are taken as
reference, which have a BOD,/COD ratio between 0.4
to 0.8 and is considered to be substantially biodegrad-
able [26]. Fig. 3 shows changes of this ratio after 24 h
of Fenton’s reaction using different concentrations of
hydrogen peroxide applied in the presence of sulfate
and chloride ions. It can be seen that the treatment of
phenol in both systems will greatly support its
biodegradation whereas oxidizing chloro- and nitro-
derivatives is much less effective in obtaining more
biodegradable entities. However, it can be observed
that biodegradation tendency increased with the in-
crease of H O, concentration applied for all contami-
nants studied. The influence of the type of anion is dif-
ferent for different compounds. The presence of chlo-
ride suppressed the biodegradability of phenol but en-
hanced the biodegradability of nitro- and chlorophe-
nols. The largest differences in biodegradation of pre-
oxidized phenols while using sulfates and chlorides
where found for 2-nitrophenol.

Exemplary kinetics of 2-nitrophenol degradation in
the presence of chlorides and sulfates is presented in Fig-
ure 4. Data obtained while using Fe*’/2-NP ratio of 0.1
and 0.01 and H,O,/2-NP ratio of 14, according to the cal-
culated stoichiometric demand for complete mineraliza-
tion to CO,. The degradation pattern follows the pseudo-
first order rate of reaction.

It was found that the presence of chloride and sulfate
anions have a significant influence on the degradation
rates of phenol, 2-chloro- and 2-nitrophenol utilizing the
Fenton system. The addition of sulfates influences these
rates to a much smaller extent when compared to chlo-
rides. Relatively low degradation rates are observed for
2-chlorophenol, which is likely to be caused by the pres-
ence of additional chloride radicals originating from the
abstraction reactions. It was also noticed that there are dis-
tinctive differences between degradation rates of studied
compounds and their degradation products in comparison
to the rates observed for pure components. Comparably
low degradation rates show higher resistance of formed
intermediates in comparison to phenol or 2-nitrophenol.

Finally it was found that chlorides and sulfates influ-
ence biodegradation of phenolic compounds differently:
biodegradability of phenol is enhanced by chlorides, where-
as that one of 2-nitrophenol and 2-chlorophenol by sulfates.
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