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DECOMPOSITION OF POLLUTANTS
IN TEXTILE WASTEWATER DURING THE FENTON PROCESS
IN THE PRESENCE OF IRON NANOCOMPOUNDS

The efficiency of the decomposition of pollutants in textile wastewater has been determined by
the Fenton method in the presence of iron nanocompounds and the results have been compared with
those by the classical Fenton method. The wastewater was purified with ferrous sulfate and ferrous
sulfate with the addition of iron(ll, 111) nanocompound. The effect of optimization of the process was
examined by adding various amounts of ferrous sulfate and iron(l1, 111) nano-oxide, hydrogen peroxide
and changing pH of the solution. It was found that addition of iron nano-oxide in the presence of ferrous
sulfate increased the efficiency of pollutant decomposition in the wastewater.

1. INTRODUCTION

Textile wastewater is classified as difficult for treatment. This is due to a significant
amount of wastewater produced, its diversified composition, big load of organic and
mineral impurities, high toxicity and poor biodegradability. Characteristic features of
textile wastewater are its intensive and changing colors as well as high content of sur-
factants and other organic chemical compounds of different character and structure used
in textile finishing processes. Hence, methods to ensure effective textile wastewater
treatment are still searched for. These methods include a group of so-called advanced
oxidation processes (AOPs). There are many versions of these processes whose com-
mon feature is the formation of hydroxyl radicals with a high oxidation potential and
then their application in the oxidation of impurities contained in water. HO' radicals are
generated in various ways such as a result of the reaction of ozone and water, photolysis,
hydrogen peroxide decomposition, in the Fenton reaction, photocatalysis in the presence
of titanium dioxide, radiation, etc. [1-5].
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High reactivity of hydroxyl radicals and their low selectivity enables oxidation of
large groups of organic compounds occurring in the wastewater, in this number dyes
and detergents. At the same time it makes the method applicable in the wastewater of
varying composition and content of pollutants which is a characteristic feature of textile
wastewater. An additional advantage of the method is the lack of secondary pollution
of the environment and no risk of overdosing oxidizing agents.

Among AOPs methods especially often used is the Fenton method which takes ad-
vantage of the oxidizing action of hydroxyl radicals generated in the chain process of
hydrogen peroxide decomposition in the presence of bivalent iron salts. Besides oxida-
tion, the Fenton process includes also the process of coagulation related to the precipi-
tation of iron(l111) hydroxide. Due to this, textile wastewater can be significantly decol-
orized and the main load of organic impurities can be removed [6-10]. The advantage
of the Fenton process is efficient decomposition of pollutants, simple technology and
low costs of the method.

New trends in the researches on pollutant oxidation processes by the Fenton method
cover the application of iron nanocompounds in the reaction system. Their presence has
an effect on the oxidizing reaction of chemical compounds present in the wastewater
[11-14]. Iron nanocompounds exhibit catalytic activity which increases the effective-
ness of oxidizing processes. Also other metal nanocompounds are active in supporting
pollutant decomposition in the Fenton processes carried out with the use of iron nano-
compounds [15, 16]. Owing to this, harmful chemical compounds such as trichloroeth-
ylene, phenol, dyes, humic acids, antibiotics, metals and hormones decompose faster
and with better efficiency [17-20].

The aim of researches presented in this paper was to determine the efficiency of
decomposition of pollutants occurring in textile wastewater during the Fenton process
in the presence of iron nanocompounds as compared to the classical Fenton process.

2. METHODS

Subject of studies. The tested material was textile wastewater generated during dye-
ing of cellulose fibers. The wastewater contained azo dyes, a non-ionic surfactant, acetic
acid, sodium carbonate and sodium chloride. The wastewater had an intensive red color,
its COD was 305 mg O,/dm?, TOC was 97 mg/dm? and initial pH was 10.6.

Experimental procedure. Analytically pure ferrous sulfate FeSO47H,O and 30%
hydrogen peroxide H,O, (Chempur, Piekary Slaskie), iron(ll, I1l) oxide nanopowder
<50 nm (Sigma Aldrich) as well as H.SO4 and analytically pure NaOH (POCh, Gliwice)
were used in the experiments.

The pHs of wastewater were reduced to 4.0, 3.5, 3.0, 2.5 and 2.0 with 2.5 M sulfuric
acid solution. Next, samples were completed either exclusively with ferrous sulfate or
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jointly with ferrous sulfate and iron(ll, I11) oxide nanopowder in the solid state and the
solution was stirred until complete dissolution. Then 30% solution of hydrogen peroxide
was added dropwise to the wastewater. Once H,O; had been added, the wastewater was
stirred vigorously for 2 min and then slowly for the next 10 min. The wastewater was
left for 24 h. Then the samples were neutralized with 10% solution of NaOH to pH about
11. After 24 h, the wastewater was decanted and filtered.

The experiments were carried out using ferrous sulfate dose ranging from 0.1 to
0.75 g/dm?® with iron nano-oxide from 0.01 to 0.05 g/dm?. The weight ratio of iron nano-
-oxide to ferrous sulfate changed from 1:2 to 1:75. Hydrogen peroxide doses ranged
from 1 to 7 cm3/dm?,

Analytical control. After the treatment, the color of wastewater was determined by
the DFZ method. the spectral absorption coefficient (DFZ, German Durchsichtsfarb-
zahl) was determined by the spectrophotometric method at three wavelengths A (436,
525 and 620 nm), according to the DIN-38404/1 standard, using the formula

1000E(4)

DFZ = (1)

where E(4) (I/m) is the absorbance at a given wavelength A, and d is the measuring
cuvette thickness (mm), d being 10 mm in the present measurements. The UV-Vis ab-
sorption spectrum of the raw textile wastewater is shown in Fig. 1.

Chemical oxygen demand (COD) and total organic carbon (TOC) were determined
by the Hach—Lange tests.
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Fig. 1. UV-Vis absorption spectrum of the raw textile wastewater
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3. RESULTS AND DISCUSSION
3.1. THE EFFECT OF IRON NANO-OXIDE DOSE

Irrespective of the amount of iron nano-oxide added, the wastewater was very well
decolorized with color reduction reaching from 95 to 99%. The factor which was deci-
sive for the decolorization efficiency was the amount of ferrous sulfate, while the dose
of iron nano-oxide ranging from 0.01 to 0.05 g/dm? had practically no significance. This
resulted probably from the fact that at the used treatment parameters the obtained de-
colorization degrees were high in general. The best results of decolorization reaching
99% were obtained at the smallest used amount of ferrous sulfate, i.e. 0.1 g/dm?3. Since
the wastewater displayed absorption maximum at 525 nm (Fig. 1), the absorbances were

measured at this wavelength. The results of studies on wastewater decolorization are
shown in Fig. 2.
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Fig. 2. Effect of ferrous sulfate and iron nano-oxide doses
on color removal in the wastewater in the nanoFenton process:
H202 dose — 5 cm®/dm?d, initial absorbance — 3120 (525 nm), pH — 3.5

Contrary to the decolorization experiments, the COD reduction depended on the doses
of both ferrous sulfate and iron nano-oxide (Fig. 3). COD reduction increased upon in-
creasing amount of iron nano-oxide. However, differences in the COD reduction were
insignificant, reaching several percent only. Optimum doses of iron nano-oxide ranged
from 0.02 to 0.03 g/dm?3, the best COD reduction was obtained at smaller doses of ferrous
sulfate, i.e. 0.1 g/dm?®. Probably at bigger amounts, when the added ferrous sulfate ex-
ceeded an optimum dose, the observed decrease of the oxidation efficiency was related to
the decrease of the amount of hydroxyl radicals in the reaction medium. At high concen-
trations ferrous ions can act as scavengers of hydroxyl radical according to the reaction:

Fe?* + HO® — Fe** + HO™ (2)
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Fig. 3. Effect of ferrous sulfate and iron oxide nanopowder doses

on COD removal in the wastewater in the nanoFenton process:
H20: dose — 5 cm3/dm?, initial COD — 305 mg O2/dm3, pH — 3.5

The TOC values depended mainly on the doses of ferrous sulfate. The quantity of
iron nano-oxide added at a constant dose of ferrous sulfate had only a slight effect on
the TOC reduction (Fig. 4). Similarly as in COD, the highest TOC reduction was ob-
tained at the lowest applied dose of ferrous sulfate, i.e. in the range from 0.1 to
0.25 g/dm?.
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Fig. 4. Effect of ferrous sulfate and iron oxide nanopowder doses
on TOC removal in the wastewater in the nanoFenton process:
H20: dose — 5 cm3/dm?, initial TOC — 97 mg/dm?, pH - 3.5

In summary, it should be noted that in the nanoFenton process the results of treat-
ment were satisfactory which was confirmed by a practically complete wastewater de-
colorization as well as COD and TOC reduction. However, low-molecular oxidation
products such as formic and acetic acids with low susceptibility to the Fenton reagent
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remained probably in the solution [21, 22]. Literature data suggest that by the action of
hydroxyl radicals on organic compounds including macromolecular compounds present
in the wastewater, most of them is oxidized with decomposition products formed as low
molecular compounds. Some of them undergo further oxidation which results in their
mineralization. However, in the solution remain low molecular compounds resistant to
the Fenton reagent, which include, among others, formic and acetic acid. It can be as-
sumed with high probability that a similar mechanism occurs in the case of textile
wastewater treated with Fenton reagent. The obtained TOC reduction was lower by
a few to several percent than COD reduction which confirmed the statement that organic
products of pollutant oxidation remained in the solution.

3.2. THE EFFECT OF HYDROGEN PEROXIDE DOSAGE

Besides ferrous sulfate the treatment efficiencies depended also on the amount of
hydrogen peroxide present in the system. Table 1 shows results of decolorization de-
pending on the applied dose of iron nano-oxide at various amounts of hydrogen peroxide
at a constant dose of ferrous sulfate of 0.1 g/dm?®. Irrespective of the amount of iron
nano-oxide and hydrogen peroxide, the wastewater was very well decolorized, with
color reduction from 99 to 100%.

Table 1

Color removal [%] of wastewater
in the nanoFenton process depending on the H202 dose

Dose of H20, | Dose of iron oxide nanopowder [g/dm?]

[cm3dm®] | 0.00 | 0.01 | 0.02 | 0.03 | 0.04 | 0.05
1 99.3 [ 99.0 [ 99.3]99.0 [ 99.1 | 99.1
3 99.6 | 99.6 | 99.6 | 99.5 | 94.2 | 99.6
5 99.9 | 99.8 | 99.9 [ 99.9 | 99.9 | 99.9
7 100 | 100 | 100 | 100 | 100 | 100

Ferrous sulfate dose — 0.1 g/dm?®, initial absorbance
—3.12 (at 525 nm), pH — 3.5.

Figures 5 and 6 show dependences of COD and TOC removal on iron(ll, 111) oxide
doses. In the case of COD, the optimum iron nano-oxide doses were about 0.02 g/dm?
irrespective of the amount of hydrogen peroxide added. The TOC reduction was the
highest for iron nano-oxide dose of 0.01-0.02 g/dm?.

Table 2 presents the effect of hydrogen peroxide dosage on wastewater decolorization
at a constant dose of iron nano-oxide — 0.03 g/dm? and various doses of ferrous sulfate
ranging from 0.1 to 0.75 g/dm?®. The wastewater decolorization was high, reaching
96-100%. The best results of decolorization were achieved at the lowest applied dose of
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ferrous sulfate, i.e. 0.1 g/dm?®. Irrespective of the used doses of ferrous sulfate the
wastewater decolorization increased upon increasing hydrogen peroxide dose applied.
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Fig. 5. Effect of iron nano-oxide dosage on COD removal in the wastewater
in the nanoFenton process at various quantities of hydrogen peroxide applied in the system:
ferrous sulfate dose — 0.1 g/dmd, initial COD — 305 mg Oz/dm3, pH — 3.5
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Fig. 6. Effect of iron nano-oxide dosage on TOC removal in the wastewater
in the nanoFenton process at various quantities of hydrogen peroxide applied in the system:
ferrous sulfate dose — 0.1 g/dm3, initial TOC — 97 mg/dm?, pH — 3.5

Figures 7 and 8 show the effect of hydrogen peroxide dosage on COD and TOC
reduction at a constant dose of iron nano-oxide being 0.03 g/dm? and different amounts
of ferrous sulfate ranging from 0.1 to 0.75 g/dm?®,

The obtained COD reduction depended on both the amount of hydrogen peroxide
applied in the system and the quantity of ferrous sulfate. The most efficient COD reduc-
tion was obtained for 0.75 g/dm?® of ferrous sulfate, being highest applied quantity. The
COD reduction lower by several percent was obtained at ferrous sulfate doses of 0.25
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and 0.5 g/dm?. The COD reduction at a constant dose of ferrous sulfate increased upon
increasing amount of hydrogen peroxide applied in the reaction system. The highest
COD reduction occurred at H.O; dose from 1 to 3 cm®/dm?3. Only for 0.1 g/dm? of
ferrous sulfate, after a distinct growth of COD reduction at H,O, doses from 1 to
5 cm®/dm?, i.e. from 30% to 50%, it decreased abruptly to 14% at H,O. dose of
7 cm®/dm?.

Table 2

Color removal [%] of wastewater
in the nanoFenton process depending on the FeSO4 dose

Dose of ferrous sulfate H202 dose [cm3/dm?]
3
[g/dm’] 1 ]3] 5 |7
0.10 99.0 | 99.5 | 99.9 | 100
0.25 97.1 ] 98.7 | 99.3 | 99.7
0.50 96.3 | 98.9 | 99.0 | 99.4
0.75 97.7 1 99.2 | 99.6 | 99.3

Iron nano-oxide dose — 0.03 g/dm?, initial absorbance
—3.12 (wavelength 525 nm), pH — 3.5.

At the highest dose of ferrous sulfate, the efficiency of TOC reduction was increasing
quickly and reached the highest value for 3 cm®*dm?® of H,0O,, remaining constant for
higher doses of H,0..

—— FeS0,x7H,0 = 0.1 g/dm’—#—FeSO,x7H,0 = 0.25 g/dm"
—a—FeS0,x7H20 = 0.5 g/dm° ——FeS0,x7H,0 = 0.75 g/dm"

60

50
el e— .
2 30
g / \
a 20
Q N
O 40
0

3
H,0, dosage [cm?¥dm3]

Fig. 7. Effect of hydrogen peroxide dosage on COD removal in the wastewater
in the nanoFenton process at various doses of ferrous sulfate:
iron nano-oxide dose — 0.03 g/dm3, initial COD — 305 mg O2/dm?3, pH — 3.5
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Fig. 8. Effect of hydrogen peroxide dosage on TOC removal in the wastewater
in the nanoFenton process at various doses of ferrous sulfate:
iron nano-oxide dose — 0.03 g/dm3, initial TOC — 97 g/dm?, pH - 3.5

At smaller doses of ferrous sulfate, the COD reduction was further increasing at
H,0- dose up to 5 cm®dm?3, while at the highest applied dose of H.O,, i.e. 7 cm®/dm?, it
stabilized (ferrous sulfate dose of 0.25 g/dm?®) or decreased (the lowest ferrous sulfate
dose, i.e. 0.1 g/dmq). The use of higher doses of ferrous sulfate at higher doses of hy-
drogen peroxide significantly hampered the processes of pollutant mineralization in the
wastewater. Too high concentration of hydroxyl radicals favors their recombination.
Moreover, the TOC reduction was lower than the COD reduction. Thus, the dye decom-
position was more efficient than its mineralization. Low-molecular organic compounds
with a high degree of oxidation remained in the solution. Hydrogen peroxide doses ex-
ceeding 3 cm®dm? at the biggest doses of ferrous sulfate and H,O. doses above
5 cm3/dm? at the lowest doses of ferrous sulfate were unfavorable. The degree of pollu-
tant reduction in the wastewater did not increase and in some cases it decreased.

The resulting relations are consistent with the data described in the literature with
respect to the classical Fenton process [22]. The mechanism of Fenton reaction shows
that while using too high doses of hydrogen peroxide beyond a certain limit, the oxida-
tion reaction rate does not increase but decreases. Too high concentration of hydroxyl
radicals favors their recombination. Additionally, the likelihood of competitive reac-
tions which do not lead to the oxidation of pollutants increases. As can be seen from the
obtained results, a similar mechanism occurs in the Fenton process carried out in the
presence of iron nano-oxide.

3.3. THE EFFECT OF pH OF THE SOLUTION

An important parameter affecting the Fenton process is pH of the solution. There-
fore, the effect of pH on the reaction carried out using iron nano-oxide was tested. The
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dose of ferrous sulfate was 0.5 g/dm?, iron nano-oxide 0.03 g/dm? and hydrogen perox-
ide 5 cm®/dmd. Figure 9 shows results of changes in COD and TOC reduction in the
wastewater depending on the initial pH.
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Fig. 9. Effect of pH on the removal of COD and TOC in wastewater in the nanoFenton process:
ferrous sulfate — 0.5 g/dm?, iron nano-oxide — 0.03 g/dm?3, hydrogen peroxide — 5 cm3/dm?,
initial COD — 305 mg O2/dm?, TOC — 97 mg/dm?

In the case of COD and TOC, similar dependences were obtained. The lowest re-
duction of both parameters was obtained at pH — 2. At pH increasing from 2 to 3 the
reduction of COD increased from 15% to 46%, while that of TOC from 8% to 35%. On
further increase of pH to 4, it remained at a similar level (41-46% and 30-35%, respec-
tively). The data obtained are in accordance with literature data for the classical Fenton
process. For most of the tested compounds the optimum pH value in the classical Fenton
process is about 3 [22]. A decrease of the oxidation efficiency at higher pH values is
caused by the precipitation of iron in the form of hydroxide. It is not recommended
either to use too low pH values since OH* radicals can react with H* ions which leads
to a decrease of their concentration in the solution and reduction of oxidation efficiency
of organic compounds.

3.4. COMPARISON OF THE CLASSICAL FENTON PROCESS
AND THE PROCESS WITH THE USE OF IRON NANO-OXIDE

The efficiencies of pollutant decomposition with the use of iron nanocompounds
have been compared with those obtained in a classical Fenton process. The experiments
in the classical Fenton process were carried out using hydrogen peroxide doses ranging
from 1 to 7 cm3/dm? and FeSO.-7H,0 doses from 0.1 to 0.75 g/dm?® at pH = 3.5.
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Figure 10 shows the efficiencies of the reduction of COD and TOC in the wastewater
in the Fenton process carried out using the ferrous sulfate doses of 0.25 g/dm? and hydro-
gen peroxide doses of 1, 3 and 5 cm®dm?® (pH = 3.5). The nanoFenton process was

carried out under similar process parameters with iron nano-oxide doses amounting to
0.03 g/dm?.
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Fig. 10. COD and TOC removal in the wastewater during the Fenton
and nanoFenton processes. Fenton process: pH — 3.5, FeSOa dose — 0.25 g/dm?,
H202 dose — 1 cm3/dm? (a), 3 cm3/dm? (b), 5 cm®dm? (c). NanoFenton process:
pH — 3.5; FeSO4 dose — 0.25 g/dmd, iron nano-oxide dose — 0.03 g/dm?,
H202 dose — 1 cm3/dmd (a), 3 cm®/dm3 (b), 5 cm?¥dm? (c)
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The presence of iron nano-oxide improved the performance and efficiency of the
Fenton process. At the same dosage of ferrous sulfate and iron nano-oxide the reduction
of both COD and TOC increased, depending on the amount of hydrogen peroxide ap-
plied in the system. At H,O dose of 1 cm®dm? in the presence of iron nano-oxide the
COD reduction increased from 16 to 29%, and TOC from 6 to 18%. At H.O. dose of
3 cm®/dm?, the reduction of COD increased from 28 to 40% and TOC from 17 to 28%,
while at the H,O, dose of 5 cm®/dm?, the reduction of COD increased from 33 to 42%
and TOC from 27 to 40%. The reduction of COD and TOC increased upon increasing
the H,O; doses. The presence of iron nano-oxide catalyzed the decomposition of pollu-
tants in the wastewater contributing to a significant increase of their mineralization. De-
pending on the applied process parameters, an increase of COD and TOC reduction
from a few to several percent was obtained in the nanoFenton process as compared to
the Fenton process.

4. CONCLUSIONS

Pollutants in textile wastewater were decomposed in the nanoFenton processes with
good efficiency. The decomposition of dyes was complete, with the reduction of COD
reaching 51%, and TOC — 44%. The use of iron nano-oxide caused an increase of oxi-
dation efficiency by a few to several percent as compared to that of the classical Fenton
process. Iron nano-oxide catalyzed the process of pollutant decomposition improving
its efficiency and increasing the mineralization of pollutants.

Results of wastewater treatment depended on the dosage of iron nano-oxide, ferrous
sulfate and hydrogen peroxide as well as on pH of the solution. The oxidation process
was most efficient at pH from 3 to 4. Optimum doses of iron nano-oxide were low, from
0.01 to 0.02 g/dm?. Better results of the treatment were obtained at lower doses of fer-
rous sulfate from 0.1 to 0.25 g/dm® and hydrogen peroxide doses not exceeding
5 cm®dm?3. An additional advantage of the use of lower doses of ferrous sulfate was the
minimization of the applied amount of iron(ll) which resulted in the formation of
smaller amounts of coagulation deposits.
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