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Abstract
The aim of this study was to determine the efficiency of the decomposition of pollutants present 
in textile wastewater in the Fenton process. The main processing parameters, namely the 
optimum quantities of hydrogen peroxide and ferric salts added as well as the pH of a solution, 
were determined in textile wastewater formed during different technological operations. These 
data were used to verify the applicability of empirical formulae describing these values. It 
was found that the use of Fenton’s reagent in the technology of textile wastewater treatment 
was an efficient method for the decomposition of pollutants and could be successfully applied 
as a preliminary stage prior to further biological treatment. To achieve the proper efficiency 
and economy of this solution, continuous control of the wastewater composition and quick 
optimisation of process conditions are required. It is necessary to check the reaction for  
a large amount of various types of wastewater and to find relevant relations which would 
enable quick optimisation of the process with respect to the changing input parameters of 
the wastewater subjected to treatment. 
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of the oxidation reaction, low cost, easily 
available substrates and the simplicity of 
the procedure.

The efficiency of oxidation with Fenton’s 
reagent is the highest at a pH ranging 
from 2 to 5 and for a molar ratio of H2O2 
to Fe2+ of about 1 : 1. The mechanism 
of this reagent was tested thoroughly for 
many reactions of organic compounds 
and enzymatic reactions. However, it 
cannot be considered well explained 
because of the variety of iron(II) and 
iron(III) complexes as well as the numer-
ous radical intermediate products and 
their consecutive reactions [11 - 13]. An 
important role is also played by Fe3+ ions 
occurring in the process, which decom-
pose H2O2, producing hydroperoxide 
radicals HO2˙:

Fe3+ + H2O2 → Fe2+ + H+ + HO2˙  (2)

Properties similar to those of iron ions in 
reactions (1) and (2) also have the ions 
of other metals, such as Cu, Co, Mn and 
Ti [14].

The aim of our work was to determine 
the efficiency of the decomposition of 
pollutants present in textile wastewater in 
the Fenton process. Taking textile waste-
water from different technological op-
erations as an example, the main process-
ing parameters, including the optimum 
amounts of hydrogen peroxide and ferric 
salts added, were determined. The data 
were used to check the applicability of 
empirical formulae identifying these 
values. The possibility of predicting the 
optimum amounts of substrates added in 
the process is very important for waste-
water treatment plants in which the Fen-
ton process is used, especially when the 

wastewater composition undergoes con-
tinual quantitative and qualitative chang-
es, as is the case in textile wastewater.

n	 Methods
The object of study was real textile 
wastewater of different concentration and 
composition: concentrated dyeing and 
washing wastewater, as well as averaged 
general process effluents and concentrat-
ed effluents from the nanofiltration proc-
ess. The washing wastewater-1 tested 
came from the process of the preliminary 
washing of cotton fabric with a polyester 
core, in which a nonionic detergent was 
used for washing. Washing wastewater-2 
was produced in the preliminary washing 
of polyester knitted fabrics, in which an 
anionic detergent was used for washing. 
The types of dyeing wastewater tested 
were formed during the dyeing of cotton 
knitted fabrics with reactive dyes. The 
general averaged process effluents were 
taken from a Łodź textile factory which 
processes cotton fabrics. The concentrat-
ed effluent tested was generated during 
the nanofiltration of wastewater from the 
dyeing of cotton fabrics. Physicochemi-
cal characteristics of the wastewater test-
ed are given in Table 1. 

The Fenton reagent used in the experi-
ments was composed of about 30% so-
lution of hydrogen peroxide (analytically 
pure, PPH POCh, Gliwice) and iron(II) 
salt in the form of technical FeSO4⋅7H2O. 
In the textile wastewater prior to process-
ing, the reaction was corrected to  
pH = 3.5 by means of sulfuric acid solution 
added at a concentration of 1 mol/dm3. 
Next, pollutants were subjected to oxida-
tion by the Fenton method. A determined 

n	 Introduction
Textile wastewater is difficult to treat 
with the use of classical physicochemical 
and biological methods, which is mainly 
due to their intensive colour, high content 
of surfactants and other organic and in-
organic compounds, a significant toxicity 
and poor biological recovery. Therefore, 
for many years researches have been 
carried out to improve the efficiency of 
treatment methods, and new methods 
characterised by a high degree of pollut-
ant removal, good efficiency and reason-
able cost have been searched for [1 - 3]. 

Among the methods which enable a 
decrease in pollutant concentrations 
in wastewater, one of the simplest and 
cheapest is Fenton’s reaction, which con-
sists in the non-selective and highly ef-
ficient oxidation of organic compounds 
by means of hydroxyl radicals [4 - 7], 
which are formed in a chain process of 
hydrogen peroxide decomposition in the 
presence of bivalent iron salts, which is 
represented by the following mechanism: 

H2O2 + Fe2+ → Fe3+ + OH- + HO˙  (1)

The process is a radical reaction during 
which significant quantities of hydroxyl 
radicals HO•, capable of the oxidation 
of even the most resistant pollutants, are 
generated [8 - 10]. The basic advantages 
of this method include the high efficiency 
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amount of solid ferrous sulfate was added 
to the solution and mixed until complete 
dissolution. Then a proper amount of hy-
drogen peroxide was added drop wise. 
First, the solution was mixed vigorously 
for 2 minutes, then slowly for the next  
10 minutes and left for 24 hours. After 
this time the solution was neutralised 
with 10% NaOH to a pH of about 11. Af-
ter a subsequent 24 hour period the solu-
tion was decanted and filtered. The sam-
ple tested was analysed: the COD was 
determined, and in some cases the con-
tent of anionic surfactants was specified. 
The experiments were carried out at room 
temperature. The dilution degree of the 
solution was included in the calculations.

n	 Results
Effect of the hydrogen peroxide 
concentration
To determine the effect of the hydrogen 
peroxide concentration on the Fenton 
process, the concentration of ferrous sul-
fate was kept constant, while the amount 
of hydrogen peroxide was variable.
 
In the case of dyeing and washing-2 
wastewater, the concentration of ferrous 
sulfate was 1.6 g/dm3 of wastewater 
(5.76 mmol/dm3), and the concentration 
of hydrogen peroxide was changed in the 
range of 5 to 80 cm3/dm3 of wastewater 
(0.058 – 0.93 mol/dm3). In washing-1 
wastewater and general averaged proc-
ess effluents, these values were 2 g/dm3 
of wastewater (7.2 mmol/dm3) for fer-
rous sulfate and from 20 to 80 cm3/dm3 
of wastewater (0.23 – 2.33 mol/dm3) for 
hydrogen peroxide. For concentrated ef-
fluent from the nanofiltration process, 
the concentration of ferrous sulfate was  

1 g/dm3 of wastewater (3.6 mmol/dm3), 
and that of hydrogen peroxide was 
from 20 to 200 cm3/dm3 of wastewater 
(0.23-2.33 mol/dm3). Figure 1 shows 
the effect of the hydrogen peroxide con-
centration on the Fenton process for the 
wastewater samples tested. 

When investigating the effect of the 
amount of H2O2 added to different types 
of textile wastewater, practically identi-
cal relations were obtained. The efficien-
cy of COD reduction grew up to a certain 
quantity of hydrogen peroxide added, , 
beyond which it was practically at a con-
stant level. At a low initial value of COD 
(350 mg O2/dm3) in washing waste-
water-2, a maximum reduction in this 
parameter was obtained fastest at small 
concentrations of H2O2 (5  cm3/dm3, 
i.e. 0.058 mol/dm3). For other wastewa-
ter types with initial COD values from 
1720 to 4920 mg O2/dm3 , the optimum 
amounts of H2O2 were similar, reaching 
about 40 cm3/dm3 of wastewater (0.466 
mol/dm3). 

Significant differences were observed in 
the degrees of COD reduction obtained. 
The highest COD reduction, 90%, was 
achieved in washing wastewater-2, 
which had the smallest load, lowest 
initial COD and was easily degradable. 
Washing wastewater-1 and general proc-

ess wastewater behaved in a similar way. 
In the first case COD reduction reached 
90%, while in the second it was 87%. 
The initial values of COD in these types 
of wastewater were similar, amounting to 
2190 and 1720 mg O2/dm3, respectively. 
Moreover, in the process wastewater in 
the whole range of hydrogen peroxide 
quantity, a 100% reduction in anionic 
surfactants was achieved. 

In dyeing wastewater and concentrated 
effluent with an initial COD equal to 
4170 and 4930 mg O2/dm3, respectively, 
the reduction in this parameter was re-
markably lower, i.e. 27% and 64%, re-
spectively. Despite a slightly lower initial 
COD, the dyeing wastewater appeared 
to be much less susceptible to oxidation 
in the Fenton process. The substances 
present in that wastewater, including 
reactive dyes, were difficult to degrade 
even when very big quantities of H2O2 
were added. 

Effect of iron ion concentration
The influence of iron II ion concentration 
on the efficiency of pollutant decomposi-
tion in textile wastewater was investigat-
ed at a constant initial hydrogen peroxide 
concentration with a changing amount 
of FeSO4⋅7H2O added. In the case of 
dyeing and washing wastewater-2, 

Table 1. Physicochemical parameters of the wastewater tested.

No. Wastewater type COD,  
mg O2/dm3

Chlorides,  
mg/dm3 pH Anionic surfactants, 

mg/dm3

1 dyeing 4170 2100 10.3 -
2 washing-1 2190 -   7.3 -
3 washing-2   350 -   7.2 30.0
4 general 1720 -   9.2   9.8
5 concentrated 4930 - 10.3 -
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Figure 1. Effect of the hydrogen peroxide added on the percent of 
COD reduction in textile wastewater: ■ – dyeing, ● – washing-1, 
▲ – washing-2, ▼ – general ◄ – concentrated. 
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Figure 2. Effect of FeSO4⋅7H2O addition on COD reduction 
in textile wastewater: ■ - dyeing, ▲ - washing-2, ▼ - general,  
◄ - concentrated. 
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the amount of hydrogen peroxide was  
20 cm3/dm3 of wastewater (0.23 mol/dm3), 
and ferrous sulfate was applied in the 
following quantities: 0.4, 0.8, 1.6, 3.2 
and 6.4 g/dm3 of wastewater, which cor-
responded to 1.44, 2.88, 5.76, 11.51 and 
23.02 mmol/dm3. For general process 
wastewater and concentrated effluent, 
the initial concentration of hydrogen 
peroxide was 40 cm3/dm3 of wastewater 
(0.466 mol/dm3), and ferrous sulfate ad-
dition was 0.4, 1, 2, 3, 4, 6 and 8 g/dm3 
of wastewater (1.44, 3.6, 7.2, 10.8, 14.4, 
21.6 and 28.8 mmol/dm3). The effect of 
the quantity of ferrous sulfate on the Fen-
ton process for the wastewater samples 
tested is shown in Figure 2. 

The dependence of COD reduction in 
wastewater on the amount of iron II 
added to the textile wastewater tested re-
vealed a flat maximum in all cases. The 
addition of iron quantities exceeding 
optimal doses deteriorated COD reduc-
tion in the textile wastewater only slight-
ly. In three cases the optimal amount 
of FeSO4⋅7H2O was about 1 g/dm3 
(3.6 mmol/dm3), while for the concen-
trated effluent characterised by a high 
initial COD, this amount was higher, i.e. 
about 2 g/dm3 (7.2 mmol/dm3). 

The type of wastewater was very impor-
tant for the efficiency of oxidation proc-
esses by the Fenton method. The dyeing 
wastewater was poorly purified – 27% 
COD reduction: the concentrated efflu-
ent achieved a better result – 56%; the 
best effects were achieved for averaged 
wastewater – 89% and washing wastewa-
ter-2 – 95%. Exceeding the optimal iron 
quantity had the most disadvantageous 
effect on COD reduction in the general 

wastewater – a decrease of 18.3%. The 
smallest decrease was observed for the 
concentrated effluent and dyeing waste-
water - 4% and 5%, respectively. In the 
case of process and washing wastewa-
ter -2, a 100% reduction in anionic sur-
factants was reported in all experiments. 

Effect of pH
Taking dyeing wastewater as an example, 
studies on the effect of pH upon the effi-
ciency of the Fenton process were carried 
out. The following pH values were used: 
2, 2.5, 3, 3.5 and 4, which were initial 
values. During the Fenton process, the 
solutions were acidified and, depending 
on the initial pH value and wastewater 
type, the acidity decreased from pH 0.5 
to 1. The quantities of ferrous sulfate and 
hydrogen peroxide added were constant, 
amounting to 1.6 g/dm3 (5.76 mmol/dm3) 
and 20 dm3/dm3 of wastewater 
(0.23 mol/dm3), respectively. Figure 3 
shows the results of COD reduction. 

As follows from the relations shown in 
Figure 3, the efficiency of the purification 
process had a maximum at pH = 3.5. Dif-
ferences in the reduction efficiency were 
quite significant, reaching about 20%. 
Based on this result, one can state that 
the decomposition of pollutants present 
in dyeing wastewater depends, to a large 
extent, on the initial pH of the solution. 

Coagulation
In order to verify the effect of coagula-
tion on the final result of textile waste-
water purification in the Fenton process, 
the COD of the solution was determined 
after oxidation but prior to neutralisa-
tion. A second series of analyses were 
performed after the neutralisation, de-

cantation and filtration of the wastewater. 
Results obtained for the concentrated ef-
fluent, which was characterised by a high 
initial COD, are shown in Figure 4. 

Data obtained for the concentrated ef-
fluent from the nanofiltration process 
confirm that the process of coagulation 
with ferric hydroxide at a FeSO4⋅7H2O 
concentration up to 6 g/dm3 (21.6 mmol/
dm3) does not affect the final COD re-
duction in the wastewater. Products 
formed in the oxidation process do not 
coagulate from the solution. Only an in-
crease in the amount of iron and related 
decrease in oxidation efficiency make the 
coagulation process important. The COD 
reduction increases from 52% to 78%. 
In all probability non-oxidised initial 
pollutants and products of their decom-
position amounting to about 25% of the 
initial COD are removed from the solu-
tion along with the deposit of ferric hy-
droxide. 

n	 Discussion
Tests made on textile wastewater showed 
that hydroxyl radicals produced in the 
Fenton process effectively decomposed 
pollutants present in it. The efficiency of 
the decomposition of organic compounds 
depended on the initial wastewater com-
position and initial concentration of pol-
lutants. The types of wastewater tested 
had different characters (dyeing, washing 
and general process wastewater, & con-
centrated effluents after nanofiltration) 
and pollutant concentrations, which was 
demonstrated by the broad range of COD 
values - from 350 to 5000 mg O2/dm3.
Among the solutions tested, it was found 
that pollutants present in washing waste-
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Figure 3. Effect of pH on COD reduction in dyeing wastewater. The 
amount of H2O2 solution added was 20 cm3/dm3 (0.23 mol/dm3) 
and ferrous sulfate - 1.6 g/dm3 (5.76 mmol/dm3). 

Figure 4. Comparison of results of COD reduction in the concen-
trated effluent during the Fenton process prior to and after coagu-
lation. 
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water decomposed most effectively. 
Despite the different compositions of 
these types of wastewater, in which one 
contained nonionic surfactants (wash-
ing-1) while the others had the anionic 
type (washing-2), whose COD values 
were 2200 and 350 mgO2/dm3, respec-
tively, the reduction in COD obtained in 
optimum conditions was similar: in less 
concentrated wastewater (washing-2) it 
reached 95% at most, while in 6-times 
more concentrated wastewater (wash-
ing-1) it was 90%. It can be concluded 
that surfactants are very susceptible to 
oxidation in the Fenton process. Opti-
mum doses of ferrous sulfate in the case 
of more concentrated wastewater were  
4 times higher than for less concentrated 
wastewater, being 2 g (7.2 mmol/dm3) 
and 0.5 g FeSO4/dm3 of wastewater 
(1.8 mmol/dm3), respectively. Simi-
larly, the amount of hydrogen peroxide 
required was 6 times higher, amounting 
to 30 cm3/dm3 (0.349 mol/dm3), as com-
pared to 5 cm3/dm3 (0.058 mol/dm3).

Very good results of the wastewater 
treatment were also obtained in the case 
of general averaged process wastewa-
ter. The 86% COD reduction was only 
slightly worse than results achieved 
for washing wastewater. The optimum 
dose of ferrous sulfate was nearly 1  g 
of FeSO4⋅7H2O/dm3 of wastewater 
(3.6 mmol/dm3), and that of hydro-
gen peroxide - around 40 cm3/dm3 

(0.466 mol/dm3). 

In the case of concentrated effluents, the 
results of treatment were quite satisfac-
tory, namely a 64% COD reduction. It is 
worth noting that the concentrated efflu-
ent was extremely concentrated, its initial 
COD reaching 5000 mg O2/dm3. The op-
timum dose of ferrous sulfate determined 
was around 4 g of FeSO4⋅7H2O/dm3 of 
wastewater (14.4 mmol/dm3), and that of 
hydrogen peroxide - about 60 cm3/dm3 

(0.699 mol/dm3). 

The poorest treatment results were found 
for dyeing wastewater. At optimum con-
centrations of iron and hydrogen perox-
ide, a 27% COD reduction was obtained. 
The concentrations were 20 cm3/dm3 
(0.233 mol/dm3) for H2O2 and 0.5 g/dm3 

(1.8 mmol/dm3) for FeSO4⋅7H2O.

The optimum concentrations of hydrogen 
peroxide and iron determined for the tex-
tile wastewater tested were compared to 
the data calculated from formulae used in 
wastewater treatment technology. 

FeSO4⋅7H2O per litre of wastewater is 
absolutely economically unjustified. In 
the treatment processes the effect of co-
agulation can dominate. Pollutants con-
tained in the wastewater, despite the lack 
of oxidation and mineralisation, can be 
removed from the solution with a deposit 
of ferric hydroxide.
The results presented show that for se-
lected types of textile wastewater, the 
optimum molar ratio of iron to hydrogen 
peroxide Fe2+ : H2O2 is within a very 
broad range - from 1 : 8 (for washing 
wastewater-2) through 1 : 48 (concen-
trated effluent) to 1 : 129 (dyeing and 
general wastewater). Formulae (3) and 
(4), presented above, assume a constant 
value of this ratio irrespective of the type 
of wastewater and its composition, being 
Fe2+ : H2O2 = 1 : 4.3. In the literature 
these data are extended also taking into 
account the concentration of the com-
pound being oxidised. For instance, in 
phenol oxidation the optimum ratio of 
phenol : Fe2+ : H2O2 = 1 : 1 : 3, while for 
a mixture of toluene, p-toluene, aniline 
and p-naphthalene, from 1.0 to 2.3 mol 
of H2O2 per one mol of decomposed aro-
matic compound is required [16, 17]. In 
the case of wastewater, these data should 
be referred to their initial COD to either 
calculate weight ratios with respect to mg 
O2, or molar ratios related to the moles of 
molecular oxygen required for wastewa-
ter oxidation. It follows from the data ob-
tained that the number of moles of hydro-
gen peroxide per one unit of COD reduc-
tion expressed in moles is 1.8 for dyeing 
wastewater, 4.5 for concentrated effluent, 
5.3 for washing wastewater-2 and 8.7 
for general effluents. These data should 
be referred, however, not to the initial 
COD of the wastewater but to its real 
reduction achieved, in which case these 
values are increased to 5.6 for washing 
wastewater-2, 6.6 for dyeing wastewater, 
7.0 for concentrated effluent and 10.1 for 

VH2O2 in dm3 = 1.354 · 10-5 · 
· Vsample in dm3 ·             (3)

· COD in mg O2/dm3

VFeCl2 in dm3 = 1.354 · 10-5 · 
· Vsample in dm3 ·             (4)

· COD in mg O2/dm3

Formula (3) enables the calculation of the 
optimum volume of 30% H2O2 solution 
depending on the initial value of COD of 
the wastewater and its quantity. Formula 
(4) is used to calculate the volume of 
33% solution of FeCl2 which should be 
used in the Fenton process. 

The volume of FeCl2 determined from 
formula (2) was converted into the mass 
of FeSO4⋅7H2O used in our experiments 
and into the value of molar concentra-
tion. The results of calculations and ex-
perimental data are given in Table 2. 

It is worth noting that the formulae pro-
vide a simple, proportional relation be-
tween the optimum quantity of compo-
nents of the Fenton reagent and the initial 
COD of the solution. They do not cover 
specific features of wastewater, mainly 
the susceptibility to oxidation of com-
ponents present in it. They work quite 
well in the case of solutions of various 
detergents and wastewater which contain 
them [15]. The results obtained confirm 
this observation with respect to the wash-
ing wastewater tested in the experiments. 
The doses of hydrogen peroxide cal-
culated and experimentally determined 
are identical. Also the quantity of iron is 
similar and within the determination er-
ror. In other cases there are significant 
differences, especially for wastewater 
with a high initial COD.

In the case of dyeing wastewater and 
concentrated effluent, the use of large 
amounts of iron exceeding 40 g of 

Table 2. Comparison of the optimum concentrations of iron and hydrogen peroxide re-
quired in the Fenton process for selected types of textile wastewater.

Wastewater type
Experimental value Calculated value

cm3/dm3 mol/dm3 cm3/dm3 mol/dm3

H
yd

ro
ge

n 
pe

ro
xi

de
 - 

H
2O

2

dyeing 20 0.233 56.5 0.658
washing-1 30 0.349 29.6 0.345
washing-2 5 0.058 4.7 0.055
general 40 0.466 23.3 0.271
concentrated 60 0.699 66.7 0.777

g/dm3 mol/dm3 g/dm3 mol/dm3

Fe
rr

ic
 

su
lfa

te
 –

 
Fe

S
O

4⋅
7H

2O dyeing 0.5 0.0018 42.5 0.152
washing-2 2 0.0072 3.5 0.0126
general 1 0.0036 17.5 0.063

concentrated 4 0.0144 50.3 0.181
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general wastewater. Theoretical data de-
termined from formulae (3) and (4) are 
COD : H2O2 : Fe2+ = 1 : 5 : 1.16. 

Generally, it is assumed that the mini-
mum concentration of iron ions enabling 
a Fenton reaction is 3 to 15 mg Fe2+/dm3. 
A typical weight ratio for a mixture of or-
ganic compounds ranges from 10 to 50. 
Increasing the Fe2+ concentration above 
50% in relation to the concentration of 
hydrogen peroxide is not recommended 
because then iron becomes a scavenger 
of hydroxyl radicals. 

An important parameter of wastewater 
treatment by the Fenton method is the pH 
of the solution. The process should pro-
ceed in a mildly acidic environment. The 
tests performed on textile wastewater 
confirmed that relation. The most advan-
tageous value of pH appeared in the nar-
row range of pH = 3.5. Both lower and 
higher values of pH definitely diminish 
the reduction in COD. A mere difference 
of half a unit of pH above and below the 
optimum value causes a worsening of 
COD reduction by 8 to 12%. This re-
sult is in agreement with literature data, 
which provide us with the information 
that it is most beneficial to carry out the 
Fenton process in an acidic environment 
at a pH range from 3.5 to 5 [18]. How-
ever, there are cases when this range is 
different, e.g. 5 – 6 or 2 – 4 [19]. With 
respect to the decoloration process of 
certain dyes, the process rate is optimal 
in very broad ranges of pH - from 3 to 9. 
It is suspected that when a higher pH  
(> 5) is used, H2O2 is probably decom-
posed on fluffs of ferric hydroxide III, 
which causes that an appropriate amount 
of hydroxyl radicals cannot be formed. 
On the other hand, below pH = 3, in a 
reaction environment, an excess of Fe3+ 
ions is formed which not only induces a 
quick decomposition of H2O2 but also 
enhances competitive reactions, leading 
to the elimination of HO radicals, which 
is the main component oxidising organic 
compounds present in the wastewater. 

n	 Concluding remarks
The application of Fenton’s reagent in 
textile wastewater treatment technology 
is an efficient method for the decomposi-
tion of pollutants present in it and can be 
used successfully as a preliminary stage 
preceding its further biological treatment. 
Due to their specific properties, including 
above all quick changes in the quantita-
tive and qualitative composition, textile 

wastewater requires very elastic treat-
ment technologies. One of such solutions 
can be a two-stage process which uses 
the Fenton reaction and biological meth-
ods. To obtain the relevant efficiency and 
economy of such a solution, it is required 
to continuously control the wastewater 
composition and to quickly optimise 
process conditions. Hence, it appears 
necessary to check the reaction with re-
spect to big amounts of various types of 
wastewater and to find proper relations 
which would enable quick optimisation 
of the process with respect to the chang-
ing input parameters of the wastewater 
subjected to treatment. 
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