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Abstract 

Treatment of textile wastewater is challenging because the water contains toxic 
compounds that have low biodegradability. Dyes, detergents, surfactants, biocides and 
more are used to improve the textile process and to make the clothes resistant to 
physical, chemical and biological agents. New technologies have been developed in the 
last decades and in particular Advanced Oxidation Processes (AOPs) have shown 
considerable potential for treatment of industrial effluents. These processes however are 
expensive and full scale applications are still scarce. In addition, the complex oxidation 
chemistry transforms the pollutants into a very large number of degradation 
intermediates which may be even more toxic than the original compounds. 

This thesis presents a novel treatment approach where two AOPs, photo-Fenton 
oxidation and ozonation, are used after an anaerobic biofilm process for treatment of 
textile wastewater, azo dyes degradation and removal of toxicity. The biological 
treatment cleaves the azo bonds of the dyes and consumes the biodegradable 
compounds whereas the following advanced oxidation degrades the aromatic amines 
and other by-products that are recalcitrant to biological degradation. The approach that 
includes photo-Fenton oxidation resulted in higher reduction of chemical oxygen 
demand (COD) than that with ozonation when treating real textile wastewater. The 
latter however resulted in higher reduction of toxicity towards the bacteria Vibrio 
fischeri and the shrimp Artemia salina. Mutagenic effects were detected in the untreated 
and biologically treated effluent, but not after photo-Fenton oxidation and ozonation.  

Environmental impact and costs of the two treatment strategies, at the operating 
conditions used in this study, are high compared with the full-scale biological process 
used in the Netherlands, where the wastewater is actually treated. Substitution of 
artificial light with sunlight and upscaling would result in great improvements in terms 
of electricity requirements and ozone consumption hence would bring down the 
environmental impact to values that are comparable to the biological process, 
suggesting that full scale implementation can be achieved. Further research should look 
into combining this treatment approach with technologies that allow water and salt 
recovery and reuse, to make the textile industry more sustainable. 
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Popular summary 

Colors have always been part of human life and culture. Today natural pigments have 
been substituted by synthetic dyes that usually end up threatening nature itself by 
polluting the environment. To what extent can we use chemistry and biology to 
minimize the environmental impact of the textile industry? 

During the dyeing process a certain amount of dye, 2 to 50 percent, does not bind to 
the fabric and is washed away. Companies are working on improving this process. 
Meanwhile something needs to be done to avoid the dye effluents ending up untreated 
in the natural environment.  

Discharge of untreated textile effluents in the natural environment is a widespread 
problem where the production of textiles is concentrated, for example in the south of 
Asia. This is caused by lack of care and awareness, and defective regulations. Much 
research has been performed to reduce the environmental impact of the dyeing process 
units and appropriate technologies are now available. However, most units are very 
small, sometimes just the size of a family company, and they do not have money for 
treating their effluent. 

Why are colors threatening the environment? Aquatic plants and algae are 
indispensable for aquatic ecosystems. They use carbon dioxide and light to produce 
oxygen and food, which are consumed by higher organisms like fish. The presence of 
colors in water tends to stop the penetration of sunlight, hence the gradual decrease in 
living organisms in rivers. Dyes can be harmful for humans, acting as irritants for eyes 
and skin. Moreover, the problem does not disappear with the color! In fact, in time the 
dye molecules will eventually break down and become colorless. The resulting 
compounds are even more harmful than the original dyes and in some cases 
carcinogenic.  

Researchers all around the world are looking for an optimal treatment for textile 
effluents. Common solutions for wastewater treatment include aerobic biological 
processes, adsorption and coagulation. Can these be used for textile effluents as well? 
Microorganisms are the main actors in aerobic biological processes because they remove 
nutrients like organic carbon, nitrogen and phosphorous from water without the 
addition of chemicals. The downside is that a lot of oxygen is needed for this process 
and excess sludge that may contain pollutants is generated and needs to be handled in 
an appropriate way. In addition, most dyes used in textile industry are not fully 
degradable and the treated water could contain dangerous amines. Adsorption and 
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coagulation remove dyes and other pollutants by transferring them from a liquid phase, 
the wastewater, to a solid phase, the adsorbent or coagulant. This is however only a 
temporary solution. In fact, the resulting sludge produced contains dyes and needs to 
be properly disposed of, with additional costs. 

Our research group is dealing with textile wastewater treatment. The project started 
some 10 years ago after visiting several textile dyeing units in the south of India. The 
research goal was to devise an ideal treatment which was cheap, easy to operate and 
efficient in terms of producing a good-quality effluent. The strategy is simple. First, the 
wastewater is treated with anaerobic microorganisms, which can reduce the total 
organic content of the effluent by metabolizing the degradable compounds without the 
need for oxygen. Secondly, an advanced oxidation process based on the activity of a 
powerful oxidant is applied to facilitate the removal of harmful amines. We have 
evaluated a few options for this last step. One is ozonation, energy intensive but “clean”. 
This means that it does not produce any sludge or secondary waste. In fact, ozone, apart 
from being a well-known pollutant, can oxidize aromatic compounds releasing oxygen. 
A very successful process is photo-Fenton oxidation. The effluent is treated with iron 
and hydrogen peroxide in the presence of light and what remains at the end is a mixture 
of salts rich in iron. To verify the effectiveness of the treatment, we used a series of 
toxicity tests. The costs and environmental impact assessment of the treatments 
suggested in this work indicate that the technology is ready to be implemented. 

Money cannot buy happiness, but it can certainly help to preserve our beautiful world. 
The technology for industrial wastewater treatment is mature enough to offer solutions 
to avoid pollutants from escaping into the environment. Dyestuff and other chemicals 
found in textile effluents are no exception. However, industries are often not ready to 
put money into waste handling, something that will not make them richer. Therefore, 
the future of wastewater should be centered on the concept of water reuse, which is 
profitable for industries as well as the environment.  
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1. Introduction 

Synthetic dyes have been produced since 1800s. They have been optimized so that they 
can withstand physical and chemical agents and last for many years without fading. 
Thanks to these characteristics the durability of fabrics has improved significantly and 
the textile industry has flourished (Porter et al. 1972). However, a large part of the 
synthetic dyes used in the dyeing of fabrics ends up in water. It is very difficult to 
eliminate these molecules, which nowadays represent a danger for the environment and 
for the people working in textile production. In fact, in many of the producing 
countries, dyes from wastewater are adsorbed to available materials or precipitated so 
that the water becomes clear, but large amounts of toxic sludge are generated and used, 
for example, to build roads (Blomqvist 1996). In the last years the legislation has 
become stricter in order to meet the growing concern for the conditions of the workers 
and the environment. Thus, new and effective strategies to clean the water from dyes 
need to be developed so that no toxic by-products are generated.  

Scope of the thesis 

The aim of this research project was to evaluate different biological and physical-
chemical processes for their ability to degrade azo dyes to non-toxic compounds and 
use the results to develop a novel approach for treatment of textile wastewater which 
can provide high efficiency in terms of water purification at low cost and environmental 
impact. Textile industry is in fact in great need to reduce its negative impact on the 
environment and to become more “green”. Improved treatment of textile wastewater is 
one of the ways to pursue this objective.  

To achieve this goal, synthetic and real textile effluents were treated at lab-scale using 
photo-Fenton oxidation as stand-alone treatment (Paper I) and in combination with 
biological treatment (Paper II and III), as well as ozonation in combination with 
biological treatment (Paper IV). A preliminary experimental evaluation of the 
possibility of using algae as an alternative biological process was also conducted (Paper 
V). These treatments were first compared in terms of dye degradation, removal of 
organic compounds and toxicity. Then, environmental impact and costs of the most 
promising strategies were assessed (Paper VI). The results are ready to be applied in the 
planning of a new treatment plant.    



13 

2. Textile production and 
environmental implications 

The textile industry is one of the largest and most ancient in the world. The production 
of textiles, once present all over the world, has been moved to countries where the costs 
of materials and labor are low. More than 50% of the clothing and textiles of the USA 
and EU are imported from Asia, in particular China, India and Bangladesh (Adhikari 
2008).  In some of these countries the textile industry has become one of the most 
important business sectors, and significant efforts are continuously being made to 
increase production. The textile industry utilizes substantial amounts of water. Thus, 
textile production and other industries, agriculture and people compete for access to 
clean water. In some areas, for example the Tirupur district situated in the south of 
India, textile production is the main occupation among the local population. The 
textile industry developed in Tirupur after 1970 and by the mid-1980s it accounted for 
85% of India’s total export of textiles. In 1995 virtually all dyeing and bleaching 
effluents were discharged in the Noyyal River and its tributaries without any treatment. 
The same river was used as a source of drinking and agricultural water. This 
uncontrolled situation resulted in severe water pollution in the Tirupur area, increased 
salt content in the groundwater and also presence of many toxic compounds, which 
meant both industry and people had to buy water from outside the area (Blomqvist A 
1996). Later, the law obliged factories to treat dyeing and bleaching effluents and the 
situation changed. Common Effluent Treatment Plants (CETPs) were built and used 
by most textile factories so that clear water was discharged into the environment 
(Pophali et al. 2003, Moosvi and Madamwar 2007). But the problem was not solved. 
In fact, CETPs consist typically of two treatment steps: coagulation/flocculation 
followed by the use of an aeration tank. The water is clarified after each step and the 
sludge generated is collected. Thus, most dyes and pollutants present in textile effluents 
are precipitated with aluminum, iron, magnesium salts and lime and separated from 
the water in the form of sludge. This sludge is then stored in outdoor fields or used to 
build roads, but the risk of it being spread around during heavy rainfall is high 
(Balasubramanian et al. 2006). Most textile dyes are water soluble and when free in the 
environment will absorb sunlight preventing it to be used by photosynthetic organisms. 
In addition, some dyes are toxic and can release compounds that are more toxic and 
even mutagenic (Pinheiro et al. 2004). An interesting example can be found in the 
study by de Aragão Umbuzeiro and colleagues (2005) where mutagenicity was detected 
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in the River Cristais, São Paulo, Brazil and could be clearly correlated with the presence 
of azo dyes released by a nearby textile processing plant.  

The textile process  

The industrial production of textiles is a rather long and complex process. In short, the 
fibers, natural or man-made, are transformed into yarn and then fabric. The fabric 
undergoes so-called “wet processing” during which chemicals are used to provide the 
required properties of durability and color. Finally, the final product is assembled 
(Verma et al. 2012).  

Figure 1 
A simplified scheme of the textile process: from the production of the fibers to the final product. The 
wastewater generated during the wet processing is highlighted. Adapted from Kocabas and colleagues 
(2009) and Verma and colleagues (2012).  

Figure 1 summarizes the main steps of a typical textile production and highlights the 
generation of wastewater during the wet processing.  
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Textile wastewater 

Large amounts of high-quality water are required for wet processing of fabrics. 
Depending on the shade, the technique and the chemicals used in a certain textile 
process,  the estimated consumption  goes from 50 to 240 l of water per kilogram of 
finished textile (Blomqvist 1996, Kocabas et al. 2009) or in a city like Tirupur as much 
as 90 million liters of water per day (Blomqvist 1996).  

The content of the wastewater can vary, but the main characteristics are: high organic 
content; presence of dyes, dyestuff and other toxic chemicals; inorganic compounds 
like sodium hydroxide, sodium hypochlorite, sodium sulfide, hydrochloric acid and 
sodium chloride; solvents and detergents. In addition, textile effluents often have high 
temperature and pH between 4 and 12 (Blomqvist 1996, Verma et al. 2012). Insoluble 
fibers are often present in the effluent and can cause clogging of pipes. As shown in 
Figure 1, wastewater streams generated in different steps of the textile process are 
blended to form the so-called textile wastewater. The effluent generated during the 
preparation steps usually consists of sizing agents such as starch, polyvinyl alcohol 
(PVA), carboxymethyl cellulose (CMC) and polyacrylic acid, enzymes used to remove 
the sizing agents, soaps and detergents used to remove wax and other impurities from 
the fabrics and bleaching agents. This wastewater stream is biodegradable at least to a 
certain extent and gives the highest contribution to the organic load of the textile 
wastewater. The dyeing effluent has limited biodegradability as up to 50% of the 
applied dye along with sodium chloride and other auxiliary chemicals are lost to the 
effluent (O'Neill et al. 1999). The dyes used are in fact heterogeneous preparations 
containing inactivated dyes and additives that enhance the binding of the dye to the 
fibers. The finishing effluent contains mostly low or non-biodegradable compounds 
such as oil repellents, flame retardants and all that makes the fabric ready to be used 
(Porter et al. 1972). This complexity, together with the large volumes generated, makes 
the treatment of textile effluents very challenging and at the same time crucial for the 
protection of the environment. Discharge of textile wastewater into natural water 
bodies would decrease the oxygen content because of the lower penetration of sunlight 
and, at the same time, because of the increased biological oxygen demand (BOD) that 
would lead to an increase in oxygen consumption. As a consequence, the life in the 
water body would drastically decrease. In addition, the many toxic compounds in the 
textile wastewater would also cause a reduction of organisms in the receiving water and 
in the nearby soil. It is important to notice that removing the color does not necessarily 
mean that the negative effects on the environment are avoided. Toxic molecules and 
compounds that may cause other problems such as eutrophication may not absorb 
visible light.  

In this work both a synthetic and a real textile effluent were used. The synthetic effluent 
was prepared so as to mimic the real composition of textile wastewater in terms of 
chemical oxygen demand (COD) and salt content and for that purpose a summary of 
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the average composition of textile wastewater based on the literature and real data made 
by Jonstrup (2011) was used. The real textile wastewater was received from Ten Cate, 
the Netherlands, a company that produces protective textiles and other items. Table 1 
compares the composition of the wastewaters used in this work and the average 
composition found by Jonstrup (2011). 

Table 1 
Composition of the wastewaters used in this work with an average from literature and real data (Jonstrup 
2011). 

 
AVERAGE - 
LITERATURE 

SYNTHETIC WASTEWATER - 
THIS STUDY 

REAL WASTEWATER - 
THIS STUDY 

Dye conc (mg/l) 700 100-1000  
COD (mg/l) 1781 608-1536 1714 
BOD (mg/l) 363   
pH 10 7-8.5 10 
Chloride (mg/l) 15867 182-5723  
Sulfate (mg/l) 1400  400 
NH4 (mg/l) 17 101.2 1.7 
NO3 (mg/l) 2  3.6 
Total N (mg/l) 23  50 
PO4 (mg/l) 17 36.5-292.1 16.8 
Ca (mg/l) 43 30 50 
Mg  (mg/l) 4 25.5  
Na (mg/l) 2900 118-3934  
Fe 1.2 0.6  
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3. Textile dyes 

Dyes and pigments are everywhere around us. People learnt early in their history how 
to extract colors from natural resources and use them to paint everyday objects and to 
express their skills and spirituality.  

In 1856, a young student called William Perkin synthesized by mistake the first 
synthetic dye, mauveine, using coal tar. He was in fact trying to synthesize quinine, a 
compound used to cure malaria. He soon realized that the purple solution obtained 
could color silk and was quick to understand the importance of his finding. That 
“accident” made him famous and gave a great impulse to the growth and development 
of textile and printing industry. In fact, the technology used up till then to dye fibers 
was the same as in Roman times and synthetic dyes constituted a great improvement 
because they are stable molecules, their binding to the fabrics was much more resistant 
than that of natural dyes and their colors more vivid (Holme 2006).  

Synthetic dyes may be toxic to humans by causing allergies and skin- or lung 
sensitization. In addition, some dyes and their derivatives are mutagenic and have 
therefore been indexed (European Parliament 2002). However, some carcinogenic dyes 
may still be in use and the products dyed with them may be sold also where the 
compounds are banned. The main concern is for the workers, but as a consequence of 
inadequate disposal of wastewater and waste material there can also be consequences 
for living organisms that come into contact with such wastes.  

Dyes are classified by their chemical type (azo, anthraquinone, indigo,…) and by their 
method of application (acid, direct, reactive,…). Azo dyes are the most widespread dyes 
and also the ones that raise the biggest concern in terms of mutagenicity and 
carcinogenicity (O'Neill et al. 1999). Their main feature is the presence of one or more 
azo bonds (-N=N-) linking aromatic structures. The azo bond can be cleaved 
chemically or biologically to release aromatic amines, which are often more toxic than 
the mother compound and mutagenic. Azo dyes have a more intense color than 
anthraquinone dyes and this advantage, together with the fact that they are relatively 
cheap to produce, has resulted in their dominance of the market (Koh 2011). Figure 2 
shows the chemical structure of the azo dye 4-aminoazobenzene and the aromatic 
amines released after cleavage of the azo bond, aniline and phenylenediamine. The 
figure also highlights the chromophore and auxochrome of the dye. A chromophore is 
a conjugated chemical structure and is the part of the molecule that is responsible for 
its color. Other examples of chromophores are the nitro and carboxyl groups. 
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Auxochromes are all those groups that are attached to the chromophore and change its 
ability to absorb light, and thus change the color.  

 

Figure 2 
Chemical structure of the azo dye 4-aminoazobenzene and the aromatic amines released after cleavage of 
its azo bond, aniline and phenylenediamine.  

Textile industries often use commercial dyestuff produced by formulations protected 
by trademark, which is an additional challenge for the treatment of their effluents. 
These formulations contain mixture of dyes, salts and other additives that facilitate and 
improve the binding to the fabrics. The dyes used in this work are an example of 
commercial preparations with an unknown chemical formula. The dyes used, called 
Remazol Red, Remazol Blue and Remazol Yellow, were received from Greetings 
Knitwear, an end user from Tirupur, India. According to the manufacturer of the dyes, 
Remazol dyes contain 50- to 60% dyestuff, 30- to 40% inorganic salts and up to 5% 
functional additives. Remazol Red contains a mixture of azo dyes; Remazol Blue 
contains a mixture of diazo-divinylsulfone dyestuff and formazan–vinylsulfone–copper 
complex dyestuff. Some azo dyes contain coordination metals in their structure, which 
is an additional problem for the environment and may affect wastewater treatment. It 
is thus essential to install appropriate wastewater treatment facilities in correspondence 
of textile factories so as to avoid discharging water containing azo dyes in the 
environment. 
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4. Analysis of textile wastewater 

The complex nature of textile wastewater makes its analysis challenging. However, 
knowledge regarding the composition of the effluent is important for choosing an 
appropriate treatment strategy. Analysis of the effluents is essential to determine the 
efficiency of the treatment. Such analyses should focus on measuring the removal of 
organic content and nutrients, but also on the degradation of the dyes and of other 
toxic or recalcitrant organic compounds if present. Analysis of the dye preparations is 
important since they contain not only active dye molecules but also by-products. In 
addition, toxicity should be monitored to ensure that the treated effluent will not harm 
the receiving water body and surrounding ecosystems.   

Conventional analyses are used to measure and evaluate the removal of the organic 
content, for example BOD, COD and total organic carbon (TOC). BOD is the 
amount of oxygen required for biological oxidation of the organic matter present in an 
effluent. The COD is a measure of the amount of oxygen needed to oxidize chemically 
the organic and inorganic compounds present in the effluent. Thus, BOD is always 
lower than COD and their ratio is an indication of the biodegradability of the 
contaminants present in the water. The TOC measures all the organic carbon present 
in an effluent, including the part that cannot be oxidized. In addition to the organic 
content, the concentration of other nutrients such as inorganic ions should be 
measured. Special attention should be paid to the presence of salts, in particular sodium 
chloride, which are used at high concentrations to improve the binding of dyes to fabric 
and are therefore abundant in the resulting wastewater.  

A simple but reliable method to evaluate the degradation of dyes is based on their ability 
to absorb light. UV-visible absorbance is useful for evaluating the quality of a textile 
effluent and the performance of a treatment process. Dyes can absorb light in the visible 
range, but when they are degraded they lose this ability. Azo dyes in particular undergo 
cleavage of the azo bond rather easily which results in the formation of aromatic amines 
and at the same time the disappearance of color. These amines, although colorless, are 
toxic and mutagenic and it is necessary to degrade them further, possibly into inorganic 
compounds. Most dyes and also the aromatic amines produced as a consequence of 
decolorization can also absorb light in the UV range thanks to the aromatic structures. 
Thus, it is possible to follow the degradation of these structures by measuring the UV 
absorbance. Each dye has a specific absorbance spectrum, a property that is very useful 
for model systems in which only one dye molecule is involved. Figure 3 shows the UV-
visible absorbance spectrum of the azo dye Remazol Red, one of the dyes used in the 
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study, with two characteristic peaks at 290 nm and 516 nm. When a specific 
wavelength cannot be followed, the degradation of aromatic structures can be estimated 
by measuring the absorbance at 254 nm. In fact, this wavelength is conventionally used 
to monitor the presence of aromatic compounds in water.  

 

Figure 3. 
UV-visible spectrum of the commercial azo dye Remazol Red. 

The degradation of azo dyes and other complex organic compounds can also be 
monitored by using HPLC coupled with a diode array detector (DAD) followed by 
mass spectrometry (MS). However, textile effluents are usually composed of such a 
wide variety of compounds, most of them of unknown chemical structure, that a sound 
and detailed analysis would take considerable time and funds. In addition, exact 
identification of the intermediates would not be possible, especially when advanced 
oxidation processes are used for treatment, because of the lack of standards hence 
coupling of LC-MS with nuclear magnetic resonance (NMR) would be necessary 
(Hisaindee et al. 2013). Nevertheless, it would be of great interest to find out to what 
extent dyes are degraded biologically and what remains in the effluent after treatment. 
It would be even more interesting to match this information with data on toxicity, so 
that the compounds responsible for toxicity and especially mutagenicity could be 
identified. On the other hand, the composition of real textile effluents varies a lot from 
day to day depending on the chemicals used. Thus, simpler and quicker methods for 
the evaluation of treatment processes are required.   
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5. Biological treatment of textile 
wastewater 

Biological processes are often the preferred choice for treatment of wastewater. They 
are considered to have low environmental impact and costs in comparison with other 
types of treatments, because they require only slight or no addition of chemicals and 
reasonable amounts of energy. They are based on the ability of microorganisms to 
transform the contaminants and use them as sources of energy, carbon and other 
minerals which are essential for their growth. Biological treatment is the most common 
treatment for textile wastewater nowadays (Carneiro et al. 2010). Microorganisms that 
can degrade azo dyes are necessary for efficient treatment of textile wastewater. These 
microorganisms need to have enzymes such as azoreductases and oxidases. The first 
enzyme is required to cleave the azo bonds and make the aromatic amines more 
accessible. Oxidases are fundamental to break down the previously released aromatic 
amines. The challenge is to find microorganisms endowed with oxidases that can break 
down all azo dyes and also thrive in the presence of salts and other conditions typical 
of textile effluents. For this reason, it is important to keep on looking for interesting 
microorganisms in the most diverse natural environments.  

Anaerobic and aerobic processes 

Aerobic and anaerobic microorganisms can both be useful for treatment of textile 
wastewater. Enzymes with azoreductase activity have been found in many types of 
aerobic and anaerobic microorganisms including bacteria, fungi and algae. The most 
interesting oxidases have been identified in microorganisms that live under aerobic 
conditions.  

Anaerobic processes using consortia of microorganisms (anaerobic sludge or biofilm) as 
the active agents have often been used for textile wastewater treatment (Firmino et al. 
2010, Spagni et al. 2012). Such processes are effective in reducing the organic content 
of the effluent and also in removing the color by reducing the azo bonds (Papers II, 
III, and IV). Their advantage compared to aerobic processes is that they can handle 
higher organic loads, they do not need aeration and they generate less sludge. In this 
work, the possibility of using anaerobic mixed cultures for removal of color and organic 
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content was tested first in batch mode with the three azo dyes Remazol Red, Remazol 
Yellow and Remazol Blue (Paper II). Figure 4 shows that the color is readily removed 
within three days of incubation. 

 

Figure 4. 
Reduction of absorbance in the visible range during anaerobic batch treatment of azo dyes. The 
wavelengths registered were the absorbance maxima at 416 nm (Remazol Yellow), 516 nm (Remazol 
Red) and 603 nm (Remazol Blue).  AU = absorbance units. 

Many studies report that aerobic processes based on activated sludge can be used to 
degrade dyes further after anaerobic treatment (Kapdan and Alparslan 2005; Frijters et 
al. 2006, Jonstrup et al. 2011). The idea is that the aerobic microorganisms have 
oxidative enzymes that can break down the aromatic amines released during anaerobic 
color removal (Figure 2). Depending on the chemical structures of the degradation 
products and on the enzymes present in the system, the aerobic degradation may or 
may not work and in some cases toxic organic molecules remain in the effluent (Garcia-
Montano et al. 2008a, Rodrigues da Silva et al. 2012). The remaining degradation 
products can be aromatic amines, but also carboxylic acids and other small organics 
(Kudlich et al. 1999, Isik 2004, Ozdemir et al. 2013). Under aerobic conditions, the 
aromatic amines may also undergo autoxidation and turn back into colored molecules 
(Kudlich et al. 1999, O'Neill et al. 2000, Rehorek and Plum 2006). The dyes used in 
this study could not be degraded by anaerobic-aerobic treatment. In fact, as shown in 
Figure 5, the reduction of absorbance in the UV range, used to evaluate the degradation 
of aromatic structures, was very similar in the samples containing activated sludge 
compared with the controls in which the anaerobically treated solutions were 
inoculated with autoclaved sludge or left non-inoculated. These results indicate that 
biological treatments may have to be complemented with physical-chemical processes 
to obtain effluents that are free from toxic compounds. 
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Figure 5. 
Reduction of absorbance in the UV range during aerobic batch treatment of anaerobically treated azo 
dyes. The wavelength registered were the absorbance maxima at 264 nm (Remazol Yellow), 271 nm 
(Remazol Red) and 261 nm (Remazol Blue).  

Pure cultures have also been used for degradation of azo dyes. Promising results have 
been achieved with white-rot fungi, a type of basidiomycete also known as wood-
decaying fungi (Axelsson et al. 2006). These fungi produce extracellular enzymes to 
decompose lignin and thus find access to cellulose, which they use as a carbon source. 
Lignin is a complex organic molecule composed of many aromatic rings linked to one 
another. Azo dyes somewhat resemble the structure of lignin and researchers have 
suggested that lignin-degrading enzymes might also be able to degrade azo dyes. This 
idea proved correct, and thus both white-rot fungi and their oxidative enzymes have 
been used for dye degradation (Mendoza et al. 2011, Jonstrup et al. 2013). However, 
using pure cultures for treatment of wastewater remains a challenge. In fact, unwanted 
microorganisms found in water will start to grow and eventually overtake the white-rot 
fungi thereby destabilizing the system (Libra et al. 2003).  

Biofilm process 

Textile wastewater contains compounds that can be toxic to microorganisms. In 
addition, its composition varies a lot from day to day. For these reasons it can be 
advantageous to use biofilm reactors for biological treatment. Biofilms can be of several 
types: granules of microorganisms that have aggregated spontaneously, a layer of 
microorganisms attached to a static surface like a pipe, or a layer of microorganisms 
growing on suspended carriers (Nicolella et al. 2000). All these forms find application 
in water- and wastewater treatment and the most common example is trickling filters 
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(Nicolella et al. 2000). Biofilms provide several advantages, in particular for wastewater 
treatment. First, they allow biomass retention without need for sedimentation tanks, 
which means smaller areas and less energy required compared with conventional 
systems. In addition, the compounds in the water have to cross a barrier made by the 
biofilm itself and thus create a concentration gradient within the biofilm (Nicolella et 
al. 2000, Cresson et al. 2006). This gradient stimulates the growth of different 
microorganisms at different depths of the biofilm, depending on which molecules reach 
that particular depth. The innermost layer is most likely protected against toxic 
molecules, whereas the top-most layer is more exposed and thus colonized by less 
sensitive microorganisms. Overall, and also thanks to the extracellular polysaccharides 
produced by the microorganisms, the biofilm will be more resistant to stress than a 
suspended cell system (Cresson et al. 2006).  

The biological studies described in Papers III and IV were performed in two anaerobic 
biofilm reactors in which Poraver carriers (porous glass beads received from Dennert 
Poraver GmbH, Schlüsselfeld, Germany) were used as support material for the 
development of a biofilm starting with an inoculum of anaerobic sludge. Figure 6 shows 
a schematic view of a reactor. 

Figure 6. 
Schematic view of an anaerobic biofilm reactor used in this work. The reactors were operated in 
continuous mode at a HRT of 2-6 days for 2 years. The feeding was first synthetic textile wastewater 
containing different concentrations of the azo dye Remazol Red, sodium chloride and starch. In the last 
6 months the reactors were fed with real textile wastewater received from the textile factory Ten Cate, 
Nijverdal, the Netherlands. 

The system was operated in continuous mode and fed first with a synthetic effluent 
containing starch as the carbon source. The robustness of the biofilm process in relation 
to dye concentration (Remazol Red, Paper IV) and salinity (sodium chloride, Paper 
III) was also studied since those are the main characteristics of real textile effluents, as 
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can be seen in the summary of the composition of textile wastewater in Table 1. Both 
sodium and chloride ions can inhibit microbial functions by increasing the osmotic 
pressure and thus causing cell rupture and consequent death (Vyrides and Stuckey 
2009). In the last part of the work, the biofilm reactors were used for treatment of a 
real textile wastewater received from the company Ten Cate, the Netherlands. Figure 7 
chronologically summarizes the results in terms of COD removal obtained during the 
different stages of the study. Each time the feeding composition was changed, the 
reactors were given three hydraulic retention times (HRTs) to stabilize. Then, data were 
collected for three HRTs (0.3 g/l - 10 g/l NaCl) in the first part of the study, but for 
23 HRTs (100 mg/l – 1000 mg/l Remazol Red and real wastewater) in the rest of the 
study.  

 

Figure 7. 
COD removal during biological treatment of synthetic and real textile wastewater in the two anaerobic 
biofilm reactors (A and B). The different concentrations of sodium chloride and dye (Remazol Red) are 
indicated on the x-axis in g/l (NaCl) and mg/l (Remazol Red, RR). Values are average of measurements 
taken from samples collected over 3 or more HRTs. Error bars represent standard deviation. 

The increasing concentration of sodium chloride had only a small influence on the 
COD removal. The process became more unstable, as the longer error bars show, but 
the removal decreased only slightly compared with the lowest sodium chloride 
concentration. The study continued with the evaluation of the influence of higher dye 
concentrations. As the dye content increased, so did the initial COD and also the COD 
removal. This result was rather surprising since previous studies with the same dye 
showed that the COD associated with the dye itself is not really removed during the 
biological process (Paper II). In addition, other works report a decrease in COD 
removal as the dye content increases (Farabegoli et al. 2010, Jonstrup et al. 2011). 
Several explanations can be found. The microbial community might have adapted to 
the high salinity as the reactors were run with the same feeding for several HRTs. A 
sodium chloride concentration of 10 g/l may inhibit microbial growth, but after 30 
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HRTs the microbial community might have changed, which may have resulted in 
improved COD removal. Similarly, adaptation to metabolizing starch as a carbon 
source may have occurred and caused increased starch utilization. Finally, the dyestuff 
Remazol Red was not pure but a mixture of azo dyes, inorganic salts and organic 
additives. The latter may be biodegradable, and since their concentration in the 
synthetic effluent increased proportionally to the concentration of the dye, the higher 
COD reduction may also be owed to their degradation. A solution of 100 mg/l 
Remazol Red has COD of 60 mg/l, which is small compared to the 600 mg/l COD 
associated with starch (0.465 g/l), but the contribution of Remazol Red and starch 
becomes comparable once the dye concentration is increased to 1000 mg/l. The COD 
reduction during treatment of the real textile effluent was significantly lower, but in 
agreement with the results obtained at the full scale plant, giving on average 30% of 
COD reduction (Frijters et al. 2006). The impurities in this wastewater have low 
biodegradability as the water contains a mixture of organic and inorganic compounds 
and more specifically starch, polyvinyl alcohol, carboxy-methyl cellulose, azo dyes and 
other types of dyes. 

In addition to the COD, it is important to monitor the degradation of the aromatic 
compounds because the toxicity is most likely due to their presence. No UV reduction 
was obtained during the biological treatment, but only a minor change in the 
wavelength of maximum absorbance (Paper III). Azo dyes are rather resistant to 
biological degradation and the role of the biological treatment is mostly to lower the 
organic content of the effluent as much as possible so that the following treatment steps, 
required to mineralize the by-products from degraded dyes and detoxify the effluent, 
can be more effective. 

A closer look at the biofilm and also at the suspended microorganisms was taken 
through scanning electron microscopy (SEM). Figure 8 shows that the surface of the 
carriers, after seven months of operation, is well colonized and different types of 
microorganisms could be seen such as bacteria and fungi. In contrast, no biofilm 
developed on the inner part of the carriers (Paper III). Part of the liquid content of the 
reactors was filtered through a special dark membrane, which is suitable for SEM 
analyses, and nets of interconnected clumps of microorganisms were observed.  
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Figure 8. 
SEM micrograph of the surface of a colonized carrier taken from one of the reactors used for treatment 
of textile wastewater. The scale bar is 10 µm.  

Analysis of the microbial community 

Knowledge about the structure and diversity of the microbial community of a biological 
process facilitates the understanding of the process itself. In wastewater treatment, this 
can help explaining why some compounds are degraded whereas others are not and can 
be used to identify operating parameters that require adjustment. Analysis of the 
microbial community of biological systems is not routine, but it is often used to find 
an explanation for process failures. In the future, knowledge about the main actors of a 
certain biological process should be collected before execution of the process itself, so 
that its design and operation can be optimized (Koch et al. 2014). Although in recent 
years more attention has been paid to these issues, most of the collected information 
concerns system for production of biogas and bioenergy (Agler et al. 2012, Koch et al. 
2013) and little is known about biological processes for treatment of wastewater, in 
particular textile (Yang et al. 2012).  
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Molecular biology tools, based on DNA amplification, were used to analyze the 
composition and structure of the microbial community in the anaerobic biofilm 
reactors. It is well known today that cultivation techniques only allow isolation of a 
small number of the microorganisms that constitute a community (Pace 1997, Rappe 
and Giovannoni 2003). Studies based on DNA analyses instead can give a broader 
insight into the diversity of biological systems such as sludge used for wastewater 
treatment.  

One way to classify DNA-based methods is to distinguish between PCR-based and 
PCR-independent methods, as in the scheme in Figure 9 (Dorigo et al. 2005, Desai et 
al. 2010, Nagarajan and Loh 2014). In this research project, PCR coupled with 
denaturing gradient gel electrophoresis (DGGE) was used to analyze the bacterial and 
eukaryotic community present in the anaerobic biofilm reactors used for textile 
wastewater treatment.  

PCR-based methods require amplification of a DNA fragment, usually from molecular 
genetic markers and in particular 16S or 18S RNA genes, for prokaryotes and 
eukaryotes, respectively. The fragments can then be processed in different ways: 
separated through electrophoresis (DGGE), cloned and sequenced, digested with 
restriction enzymes and subsequently separated and sequenced (restriction fragment 
length polymorphism, RFLP) or directly sequenced by next-generation sequencing 
technologies such as pyrosequencing. All these techniques give information regarding 
the diversity and structure of the community and allow for partial quantification of the 
dominant species. More recently, real-time quantitative PCR (qPCR) and next-
generation sequencing have become more popular as they overcome most of the 
limitations of fingerprinting and clone libraries. However, these methods are still very 
expensive and available only in a limited number of laboratories. The most common 
PCR-independent method is fluorescence in-situ hybridization (FISH) which uses 
fluorescent probes targeting rRNA at species, group or kingdom level.  FISH is used 
for in situ monitoring and allows for both functional and phylogenetic identification 
(Desai et al. 2010). Another hybridization technology is DNA microarray, which is 
sensitive and allows quantification. DGGE was chosen for this project because it is 
simple to set-up and less expensive than other PCR-based methods. DGGE and the 
other fingerprinting techniques have a great advantage, the results are obtained quickly 
and in the form of images, which directly reflect the diversity of the analyzed 
community (Kim et al. 2013). In addition, DGGE is widely used in the water 
treatment field and to detect changes in the microbial diversity caused by the presence 
of environmental pollutants (Desai et al. 2010).   
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Figure 9. 
Schematic view of various DNA-based techniques that can be used today to study microbial 
communities. Adapted from Dorigo and colleagues (2005) and Desai and colleagues (2010). 

In Paper III, PCR followed by DGGE was used to analyze the composition of the 
microbial community in the biofilm and of the suspended microorganisms exposed to 
synthetic textile wastewater. The goal of using this fingerprinting method was to obtain 
information about the structural diversity and complexity of the prokaryotic and 
eukaryotic communities involved in the treatment and to identify the most abundant 
members. In the last few years, this method has been used in several studies to 
investigate the diversity existing in biological (textile) wastewater treatment plants 
(Bellucci and Curtis 2011, Yang et al. 2012) and in lab-scale reactors for azo dyes 
degradation (Tan et al. 2010, Cui et al. 2012, Forss et al. 2013). One or more 
hypervariable regions (V) of the genes coding for ribosomal RNA, 16S rDNA for 
prokaryotes and 18S rDNA for eukaryotes, are amplified through PCR by special 
primers attached to a guanine-cytosine (GC)-clamp on one extremity (Muyzer and 
Smalla 1998, Yu and Morrison 2004). The obtained fragments have the same length 
but different sequence and can be separated through DGGE. The DGGE gel is a 
polyacrylamide gel containing a linear gradient of increasing concentrations of urea and 
formamide. The fragments, because of their different sequences, have different melting 
points and thus migrate to different lengths on the gel (the sooner the double strand 
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melts, the shorter it migrate). Thanks to the GC-clamp the two DNA filaments do not 
separate completely and can be extracted from the gel and identified through 
sequencing. When looking at the gel, several bands can be seen in each line, each 
representing a different operational taxonomic unit (Muyzer and Smalla 1998). In our 
study, primers that amplify the V3-V5 regions of the bacterial 16S rDNA were used as 
well as primers that amplify the ITS2 region of the eukaryotic 18S rDNA. Up to 17 
bands were found for the bacterial DNA and up to 13 bands for the eukaryotic DNA.  

Figure 10. 
Dendrograms showing hierarchical clustering based on UPGMA algorithm and Jaccard distance 
estimation using band patterns from DGGE of 16S rDNA of the bacterial fraction (a) and ITS2 of the 
eukaryotic fraction (b) of the microbial community of biofilm and suspended biomass of the anaerobic 
reactors. 

DGGE fingerprints were used to calculate the Shannon-Wiener diversity index (H) 
(Gafan et al. 2005) and also for hierarchical clustering using unweighted pair group 
comparison method with arithmetic means (UPGMA) algorithm and Jaccard distance 
estimation (Vasileiadis et al. 2012). The analysis shows that both the biofilm and the 
suspended biomass were composed of bacteria and eukaryotes (then found to be fungi 
and algae). A higher bacterial diversity and richness (number of bands) was found in 
comparison with the eukaryotic diversity. In a study by Yang and colleagues (2012) on 
the bacterial and fungal community of a full-scale plant for treatment of wastewater 
generated in a dyeing process, predominance of bacteria over fungi was also found. In 
our study, the diversity and richness of the biofilm community developed on the 
carriers was higher than that of the suspended biomass for the eukaryotes, but lower for 
the bacteria. High similarity was found between the communities that developed on 
the biofilm and suspended biomass of both reactors, with the only exception being the 
bacterial community on the biofilm of reactor A, which showed some differences 
(Figure 10). Feeding the reactors with an azo dye and also a rather high concentration 
of sodium chloride certainly applied selective pressure and pushed the composition 
within the communities in the same direction.   

B A 
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Table 2. 
Sequence identity of the excised eukaryotic DGGE bands. 

DGGE 
Band 

Closest cultured relative in GenBank Phylum GenBank accession 
number 

 
(Accession number) 
(% Identity) 

  

2 
Rhodotorula mucilaginosa strain Y8-2  
(KJ183057.1) (99%) 

Basidiomycota KM577621 

3 
Rhodotorula mucilaginosa strain Y8-2  
(KJ183057.1) (99%) 

Basidiomycota KM577622 

5 Chlorella sorokiniana strain UTEX 2714 
(LK021940.1) (99%) 

Chlorophyta KM577623 

6 
Chlorella vulgaris 
 strain UTEX2714  
(KJ676110.1) (98%) 

Chlorophyta KM577624 

7 
Chlorella sorokiniana  
strain UTEX 2714 (LK021940.1) (98%) 

Chlorophyta KM577625 

10 
Penicillium roqueforti  
strain 94  
(KJ608120.1) (96%) 

Ascomycota KM595066 

 

Previous studies have focused on identifying the main bacterial strains involved in dye 
degradation or textile wastewater treatment, whereas eukaryotes have been somewhat 
neglected. In our study, representative bands of eukaryotic DNA were cut from the 
DGGE gel and sequenced. Table 2 summarizes the results of the sequencing: of the six 
microorganisms identified, three were algae belonging to the genus Chlorella and three 
fungi belonging to either Penicillum or Rhodotorula. The most interesting outcome of 
the analysis was the detection of algae for the first time in an anaerobic process for 
treatment of textile wastewater. Algal species belonging to the genus Chlorella are often 
found in soil and water. They are unicellular photosynthetic microorganisms and some 
members can grow in absence of light by using organic molecules as carbon source 
(Yoshida et al. 2006). The reactors used in the study were not strictly anaerobic and 
were almost completely covered with dark isolating material. Such conditions allow 
mostly heterotrophic growth, but the possibility of photosynthesis cannot be excluded 
because some light could enter the reactors through the top-most and bottom-most 
parts. The presence of Rhodotorula, a fungus previously isolated from textile wastewater 
(Ertuğrul et al. 2009) and also employed for decolorization of azo dyes (Onat et al. 
2010) is also interesting. It is likely that it played a role in the decolorization of the 
dyes. The fungus similar to Penicillum roqueforti is known for growing on starch 
(Bergenholtz and Nielsen 2002), which was used in our process as carbon source, but 
no connection with wastewater or degradation of pollutants was found in the literature.   
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Algae and cyanobacteria 

The search for microorganisms bearing novel enzymes that can degrade pollutants is a 
fascinating and never-ending activity. Diversity is the key factor, thus the most odd and 
unusual sources should be considered. With this in mind, in Paper V samples of 
freshwater from an alkaline Ethiopian lake, a Colombian lake, some Swedish ponds 
and lichens, and from the outlet water of the previously discussed anaerobic biofilm 
reactors, were screened for the presence of unicellular algae and cyanobacteria.  

Microalgae, a class of microorganisms that includes both microscopic eukaryotic algae 
and cyanobacteria, are interesting because of their unique biochemistry. They are 
photosynthetic microorganisms and, in addition, they use phosphorus and nitrogen for 
their growth, a characteristic that is now broadly investigated as it would allow recovery 
of both minerals from wastewater instead of the conventional transformation into 
phosphate sludge and nitrogen gas, respectively (Christenson and Sims 2011). Perhaps 
even more interesting is their ability to produce lipids that can be used for production 
of biodiesel and other products such as bioplastics (Christenson and Sims 2011).  

Less attention has been given to the ability of microalgae to degrade organic 
compounds, although they certainly play a role in wastewater treatment and 
bioremediation of polluted sites thanks also to their ability to produce oxygen and thus 
enhance the activity of aerobic microorganisms (Semple et al. 1999, Muñoz and 
Guieysse 2006). Some researchers have investigated the potential of microalgae for azo 
dyes degradation and found that some strains can cleave azo bonds (Saha et al. 2010, 
Priya et al. 2011, Liu et al. 2013) and some may even be able to biotransform aromatic 
by-products of dye decolorization (Cerniglia et al. 1981). More research focused on the 
use of microalgae as adsorbent for azo dyes (Mohan et al. 2008, Ergene et al. 2009, Lim 
et al. 2010), mostly because no carbon source is required for their mass cultivation 
which is therefore cheaper than cultivation of other microorganisms (Solis et al. 2012).  

Several algae and cyanobacteria were isolated and 14 of them were screened for 
degradation of the azo dye 4-aminoazobenzene (Figure 2). The dye had a negative 
influence on the growth of all the isolates and six of them did not grow at all. 
Nevertheless, eight isolates resulted in a color reduction of 10-82 %, as shown in Table 
3. Growth inhibition has been previously reported (Parikh and Madamwar 2005) and 
can be caused by the lower light transmission due to the color, but also by eventual 
toxicity of the dye towards the tested strains. HPLC analysis also indicated that the azo 
bond in the 4-aminoazobenzene molecules had been cleaved as a peak for aniline was 
detected after incubation.  
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Table 3. 
Microalgae screened for removal of 4-aminoazobenzene. Chlorophyll a is the difference between initital 
and final chlorophyll a content; each isolate was exposed to the dye for 14 days. L1-L3: Cyanobacteria 
isolated from lichens. P1-P6: cyanobacteria isolated from ponds in Lund. A1-A5: algae isolated from (1-
2) the effluent of the anaerobic biofilm reactors, (3) a Colombian lake and (4-5) an Ethiopian alkalyne 
lake.   

ND =  the final chlorophyll a content was equal to or lower than the initial value. 
SD = standard deviation 

The algal isolates A2 and A4 were further tested for degradation of the azo dye methyl 
red. Both strains could grow in presence of 5 mg/l of the dye although the chlorophyll 
a content after 14 days of incubation was 30% and 50% lower than when the A2 and 
A4, respectively, were cultivated in absence of the methyl red. Figure 11 shows that 
both strains achieved high removal of methyl red, even when cultivated in absence of 
nitrogen and thus under non-growing conditions.  

The results of both degradation tests indicate that some isolates possess powerful and 
stable azoreductase activities, which function even when the cells are not growing. Such 
characteristics are promising and encourage further studies on the isolates. It would be 
interesting to explore the substrate specificity of these enzymes and test the isolates for 
degradation of other pollutants. In fact, stable and powerful enzymes are very useful for 
biotechnological applications. For example, these isolates could be cultivated under 
optimal conditions and then put in contact with the contaminant to be degraded. The 
degradation would thus take place without the necessity to supplement additional 
nutrients and the eventual toxicity of the contaminant would not affect the growth of 
the microorganisms.  

Isolate 
name 

Preliminary 
identification 

Chlorophyll a content in 
dye treated samples (mg/l 
± SD) 

Chlorophyll a content 
in biotic controls (mg/l 
± SD) 

Dye 
removal 
(%) 

L1 Scytonema sp. ND 2.7 ± 0.4 5 ± 1 
L2 Chroococcidiopsis sp. ND 1.8 ± 0.4 7 ± 2 
L3. Aphanocapsa sp. ND 0.2 8 ± 2  
P1 Nostock sp. 0.5 ± 0.2 2.1 ± 0.2 12 ± 3 
P2 Nostock sp. 1.2 ± 0.4 2.2 ± 0.3 41 ± 6 
P3 Anabaena sp. 0.7 ± 0.2 1.5 ± 0.3 9 ± 2 
P4 Synechoccus sp. ND 1.5 ± 0.5 5 ± 2 
P5 Phormidium sp. ND 2.4 ± 0.3 51 ± 2 
P6 LPP-group A 0.5 ± 0.4 1.9 ± 0.4 37 ± 5 
A1 Chlorella sp. 2.7 ± 0.4 3.8 ± 0.2 70 ± 4 
A2 Scenedesmus sp. 1.6 ± 0.3 3 ± 0.2 82 ± 3 

A3 Stichococcus sp. 2 ± 0.5 3.5 ± 0.5 40 ± 3 
A4 Ankistrodesmus sp. 1.8 ± 0.3 4.1 ± 0.4 55 ± 7 

A5 Unknown ND 4 ± 0.5 8 ± 1 
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Figure 11. 
Removal of methyl red (mg/l) and growth of the algal isolates A2 and A4 (change in chlorophyll a 
content, mg/l) after incubation for 14 days. MR = methyl red;  N-free = medium without nitrogen; N = 
medium with nitrogen. Values are average of 3 independent measurements. Error bars represent standard 
deviation. 

Another interesting application of algae is their co-cultivation with aerobic 
microorganisms. Algae can in fact provide the oxygen required for the growth of the 
bacteria and remove the costs for aeration. Similar systems where algae are used as 
source of oxygen for bacteria with good degradation capacity (Borde et al. 2003, Munoz 
et al. 2003) or for activated sludge for municipal wastewater treatment (Su et al. 2011, 
Posadas et al. 2013) have been studied. The results of our study suggest that even the 
algae can be exploited for their degradation capacity. In particular, the algae can cleave 
the azo bonds and the bacteria or fungi could degrade the released aromatic amines, in 
a similar way to the more commonly used anaerobic-aerobic azo dye degradation 
process (Frijters et al. 2006, Jonstrup et al. 2011).  
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6. Physical-chemical processes for 
treatment of textile wastewater 

Biological treatment alone can remove color and reduce the organic content of textile 
effluents, but complete degradation and mineralization of the dyes is unlikely, as shown 
by the previous results and confirmed by previous studies (Isik and Sponza 2007, 
Murali et al. 2013). Two strategies can be followed to obtain an effluent that will not 
harm the receiving bodies. The first possibility is the addition of a pre-treatment step 
that transforms the recalcitrant organic compounds into biodegradable molecules, so 
that the biological process can transform them into inorganic compounds (Guieysse 
and Norvill 2014). The second possibility is the addition of a post-treatment that can 
mineralize the compounds remaining after biological treatment. In the last few decades, 
advanced oxidation processes (AOPs) have been extensively studied for their ability to 
degrade all sorts of organic compounds, especially aromatics. These physical-chemical 
processes have one main disadvantage: high energy and chemicals requirements 
compared with biological processes. To overcome this problem, they can be used in 
combination with biological processes, as both pre- and post-treatment, which was the 
topic of Papers II, III and IV.  

Overview of AOPs 

Advanced oxidation processes are based on the use of in situ generated hydroxyl radicals 
(HO·), a much more reactive molecule compared with the oxidants conventionally 
used in water and wastewater treatment, e.g. chlorine and hydrogen peroxide (von 
Sonntag 2008). Hydroxyl radicals can be generated in several ways and AOPs can be 
classified according to the mechanism involved in the generation of the radicals which 
can be chemical, photochemical, electrochemical and sonochemical (Table 4) (Hai et 
al. 2007). Ozonation is a special case, although there is no added catalyst involved and 
therefore it is not classified as AOP, hydroxyl radicals are generated as a consequence 
of the decomposition of ozone in water (Staehelin and Hoigne 1985). Hydroxyl radicals 
are the strongest oxidants in water (von Gunten 2007) and in the presence of organic 
molecules, they behave like electrophiles and readily add to unsaturated bonds (Buxton 
et al. 1988). Although they oxidize preferentially aromatics, hydroxyl radicals have very 
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low selectivity; therefore they find broad application in water and wastewater treatment 
(Buxton et al. 1988).  

Many AOPs have been tested for their ability to degrade pollutants that are present in 
textile wastewater both as stand-alone treatment and in combination with biological 
processes. Table 4 presents a summary of the most commonly used AOPs and those 
evaluated in this study are indicated in bold and further explained in the next sections 
“Photo-Fenton oxidation” and “Ozonation”. 

Table 4. 
AOPs used for treatment of textile wastewater both alone and in combination with biological processes. 
In bold the processes investigated in this research project. 

Ozonation (O3) 

Paper IV (Constapel et 
al. 2009, Guelli Ulson 
de Souza et al. 2010, 
Lotito et al. 2012, 
Somensi et al. 2010) 

AOPs 

Chemical 

Fe2+/H2O2 
Paper II (Liu et al. 
2007, Bae et al. 2015) 

O3/H2O2 
(Tosik and 
Wiktorowski 2001, 
Bauman et al. 2011) 

Photochemical 

H2O2/UV (Nagel-Hassemer et al. 
2012) 

Fe2+/H2O2/UV 
Paper I, II, III (Liu et 
al. 2007, Blanco et al. 
2014) 

O3/UV (Zhao et al. 2011) 

TiO2/UV 
(Kositzi et al. 2004, 
Prieto et al. 2005, 
Jonstrup et al. 2010) 

Electrochemical 
Anodic oxidation (Cruz-Gonzalez et al. 

2012, Yu et al. 2013, 
Shwe et al. 2014) Electro-Fenton 

Sonochemical  
(Ashwin et al. 2011, 
Pang and Abdullah 
2013) 
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Photo-Fenton oxidation 

Fenton reaction refers to a reaction in which hydrogen peroxide oxidizes transition 
metal ions in their low oxidation state (von Sonntag 2008) and it got its name from 
H.J.H. Fenton who first extensively described it in 1894. According to von Sonntag 
(2008), the reaction had already been discovered by Schönbein in 1857. The Fenton 
reaction is a phenomenon that can be observed in nature when ferrous ions are oxidized 
by by-products of aerobic respiration such as superoxide (O2·-) and hydrogen peroxide 
(Imlay et al. 1988, Lemire et al. 2013). It was Brown and colleagues (1964) who 
reported the application of Fenton reaction for the first time for degradation of organic 
pollutants.  

The classic homogeneous Fenton reaction starts when ferrous ions and hydrogen 
peroxide are in solution together, at low pH. The ferrous ions catalyze the 
decomposition of hydrogen peroxide which results in the production of hydroxyl 
radicals and hydroxyl ions, while the iron is oxidized to ferric ions (Equation 1). 

Fe2+ + H2O2	→ Fe3+ + HO· + HO-    (1) 
A chain of free radicals reactions take place whereby various forms of oxygen radicals 
are generated and the iron is reduced back to ferrous ions (Pignatello et al. 1999). 
Addition of UV to near-visible light (< 380 nm) increases the production of hydroxyl 
radicals by direct photolysis of hydrogen peroxide (Equation 2) or by reducing ferric 
ions to ferrous ions (Equations 3 and 4), which will then be ready to catalyze the 
decomposition of other hydrogen peroxide molecules (Pignatello et al. 1999). This 
photo-reaction is usually called photo-Fenton. 

H2O2 
௩ሱሮ 2HO·    (2) 

Fe3+ (HO-) 
௩ሱሮ Fe2+ + HO·    (3) 

Fe3+ (L-) 
௩ሱሮ Fe2+ + L· (L = organic ligand)   (4) 

Photo-Fenton oxidation has been tested for wastewater treatment and several studies 
report that it can extensively mineralize organic pollutants (Jimenez et al. 2011). In this 
work the photo-Fenton reaction was used for degradation of the azo dyes Remazol Red 
and Remazol Blue as stand-alone treatment (Paper I) and in combination with a 
biological process (Papers II and III). 

In Paper I, homogeneous photo-Fenton reaction, in which Fe(II) is used as catalyst, 
was compared with heterogeneous photo-Fenton reaction, in which Fe(0) is used as 
catalyst. In fact, a usual concern regarding large-scale application of the photo-Fenton 
oxidation is the fact that iron salt is added to the wastewater. The reaction is performed 
at low pH, 2-3, which implies that the pH of the water has to be adjusted before 
addition of iron and again after the reaction is completed. Iron ions are not soluble at 
neutral pH; therefore a precipitate, often called iron sludge, is formed as soon as the 
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pH is neutralized. This iron precipitate or sludge can be seen as a secondary pollutant 
generated during the wastewater treatment. To overcome this problem, the amount of 
iron used in the photo-Fenton reaction should be minimized. An alternative is to use 
insoluble iron instead and recover it at the end of the treatment. For this reason the 
potential of Fe(0) as catalyst of the photo-Fenton reaction was investigated. Fe(0) can 
release ferrous ions when exposed to hydrogen peroxide (Equation 5) (Bergendahl and 
Thies 2004) or oxygen (Equation 6) (Lee et al. 2007). 

Fe0 + H2O2	→ Fe2+ + 2HO-    (5) 

Fe0 + O2 + 2H+	→ Fe2+ + H2O2
   (6) 

Similar results were obtained by using both reactions for treatment of a solution of 
Remazol Red in water. However, homogeneous photo-Fenton oxidation had a higher 
reaction rate than the heterogeneous reaction (Figure 12) and could reduce UV 
absorbance and COD to a higher extent when applied to solutions of the dye in the 
presence of sodium chloride. The reason for the lower reaction rate is that first ferrous 
ions have to leach from the surface of the Fe(0) and only after that can the Fenton 
reaction start. The leaching of ferrous ions (Equations 5 and 6) is fast, but their 
concentration remains rather stable in the solution, in contrast to what occurs in the 
homogeneous photo-Fenton where the concentration of ferrous ions is highest at the 
beginning. As a consequence, the decomposition of hydrogen peroxide and the 
generation of hydroxyl radicals is faster in the homogeneous photo-Fenton than in the 
heterogeneous reaction (Lucking et al. 1998, Papíc 2009). 

 

Figure 12. 
Reduction of absorbance at 516 nm during (a) homogeneous and (b) heterogeneous photo-Fenton 
oxidation of solutions of Remazol Red (100 mg/l) and sodium chloride (10-20 mg/l). Initial conditions: 
0.25 mM Fe2+, 3 mM H2O2, pH 3. Values are average of 3 independent measurements. Error bars 
represent standard deviation. 

Similar amounts of iron sludge were produced during homogeneous and heterogeneous 
photo-Fenton oxidation, 0.42 g/l, which are lower than what would be obtained 
through coagulation with lime and/or iron sulfate, from 0.6-1.4 mg/l (Georgiou et al. 
2003). There were two advantages with the heterogeneous reaction. First, the lower 
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concentration of iron ions left in the treated solution: 2.9 mg/l in contrast to 5.8 mg/l 
found in the solution treated with the homogeneous process. In addition, the catalyst 
remaining in the treated water could be reused for other batches of photo-Fenton. The 
catalyst was reused 20 times and a reduction of UV and visible absorbance higher than 
85% was achieved. The reduction of COD though was higher than 80% only in the 
first four batches and then decreased to 60% or less.  

This study was also carried out with the aim of assessing the interference of sodium 
chloride on the photo-Fenton reaction. Sodium chloride is abundant in textile 
wastewater because it is used to improve the binding of the dyes to the fibers, but the 
chloride ion, like other anions, can interfere with photo-Fenton oxidation. Anions like 
chloride and phosphate can interact with ferric and ferrous ions and decrease their 
availability (Lu et al. 1997). Chloride ions are also radical scavengers (Kiwi et al. 2000, 
Orozco et al. 2008). Figure 13 shows that the negative effect of sodium chloride can be 
clearly seen by monitoring the reduction of UV absorbance. Both reaction rate and 
extent of degradation were affected by the presence of chloride ions. The heterogeneous 
photo-Fenton oxidation resulted in a more negative outcome, which may be caused by 
the fact that lower concentration of ferrous ions and thus hydroxyl radicals are present 
in the solution (Tang and Chen 1996).  

 

Figure 13. 
Reduction of absorbance at 290 nm during (a) homogeneous and (b) heterogeneous photo-Fenton 
oxidation of solutions of Remazol (Red 100 mg/l) and sodium chloride (10-20 mg/l). Initial conditions: 
0.25 mM Fe2+, 3 mM H2O2, pH 3. Values are average of 3 independent measurements. Error bars 
represent standard deviation. 

Increasing the initial concentration of Fenton reagents resulted in improved reduction 
of COD and UV absorbance. Nevertheless, the COD reduction was rather low, 11-
13%, when a solution was treated which contained Remazol Red and starch and had 
initial COD of 3300 mg/l. Starch is a non-aromatic biopolymer rich in hydroxyl groups 
and is in fact a hydroxyl radical scavenger (Yang et al. 2010). Thus, much higher initial 
concentrations of hydrogen peroxide and iron are needed to degrade aromatics in 
presence of starch.  
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To summarize, photo-Fenton oxidation showed promising results for degradation of 
azo dyes.  However, some issues need to be addressed: the low pH and thus the 
generation of iron sludge; the scavenging effect of anions and organic matter like starch; 
the light, which is important to improve the reaction efficiency, but is a cost and also 
makes this technology less environment-friendly. Solar-Fenton, which uses sunlight 
instead of artificial light, should be preferred in those areas characterized by high 
sunshine levels. 

Ozonation 

Ozone is used throughout the world for disinfection and oxidation of water (von 
Gunten 2003). Although ozonation is not considered an AOP, it has the unique feature 
of decomposing into hydroxyl radicals (Equations 7 and 8), which are the main 
oxidants in AOPs and the strongest oxidants in water (von Gunten 2003). Hydroxyl 
radicals are an added value as they are non-selective oxidants whereas ozone has high 
selectivity towards free amines and benzene derivatives with electron-donating 
substituents (von Gunten 2003, Nöthe et al. 2009).  

O3 + HO- → HO2
- + O2     (7) 

O3 + HO2
-  → HO· + O2

·- + O2   (8) 
Ozone decomposes in the presence of hydroxyl ions, and thus the reaction can be 
accelerated by increasing the pH or adding hydrogen peroxide. Ozone combined with 
hydrogen peroxide, as well as UV light or granulated activated carbon, is considered an 
AOP (Sonntag and Gunten 2012). Ozonation can potentially degrade all organic 
pollutants, but the matrix plays a very important role, as it does in photo-Fenton 
oxidation. In fact, dissolved organic carbon and ions such as chloride and bicarbonate 
can scavenge most hydroxyl radicals and compete with the target organic pollutants 
(Nöthe et al. 2009). The main advantage of ozonation compared with photo-Fenton 
oxidation is that no secondary waste is generated; the only products of the treatment 
are water and oxygen. In addition, it can easily be implemented in existing plants and 
its operation is automated already at lab and pilot scale.  

When it comes to textile wastewater, researchers have highlighted that ozonation can 
efficiently remove color, but little success has been shown with regard to the reduction 
of COD or organic content in general (Radetski et al. 2002, Khadhraoui et al. 2009, 
Tabrizi et al. 2011, 2013). Thus, many studies have focused on using ozonation as pre-
treatment before a biological process.  

An additional challenge with ozonation is that the generation of ozone requires 
considerable amount of energy and has to be done in situ using liquid or compressed 
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oxygen, which has to be transported to the plant and stored there, or by separating 
oxygen from air.  

How do we combine physical-chemical and biological 
processes 

Both ozonation and photo-Fenton oxidation have great potential when it comes to 
mineralization of organic compounds. However, they also have a common obstacle: the 
water matrix. Dissolved organic matter and ions compete with target compounds for 
the oxidants and scavenge most of the radicals and this leads to higher reagents 
consumption and higher costs. Thus, to improve the efficiency of these treatment 
processes, the negative effect of the matrix needs to be reduced, which can be done by 
using biological processes. In Paper II two strategies were tested: first photo-Fenton 
oxidation was used to improve the biodegradability of an azo dye solution, which was 
then treated with an aerobic biological process. Then, an anaerobic batch process was 
used to remove the biodegradable organic content and the obtained effluent was further 
treated through photo-Fenton. This last approach was further studied in Papers III and 
IV, where an anaerobic biofilm process was used as first treatment step followed by 
ozonation or photo-Fenton oxidation.  

The first option, photo-Fenton oxidation followed by biological degradation, was 
applied to a solution of Remazol Red with COD of 60 mg/l. The photo-oxidized 
solution was used as such for biological treatment (batch activated sludge), without 
addition of minerals or carbon source. The amount of reagent required for the photo-
Fenton oxidation (0.25 mM Fe2+ and 1 mM H2O2) was optimized experimentally so 
that only partial reduction of COD and UV absorbance would be achieved and no 
hydrogen peroxide would be left in solution. The results, in Figure 14a, shows that an 
overall 82% of reduction of UV absorbance and 85% reduction of COD were achieved 
with this combined treatment. Use of AOPs to enhance the biodegradability of 
wastewater is a promising approach when compounds that are toxic and can inhibit 
biological processes are present; strategies and challenges in combining AOPs and 
biological processes have recently been reviewed by Guieysse and Norvill (2014).  
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Figure 14. 
Reduction of COD and UV absorbance during  (a) photo-Fenton oxidation followed by biological 
treatment and (b) biological treatment followed by photo-Fenton oxidation, of a solution of Remazol 
Red 100 mg/l. The initial COD was a. 60 mg/l and b. 220 mg/l. The initial UV absorbance was 3.3 
absorbance units.  

For the second treatment strategy, a solution of Remazol Red was prepared in an 
anaerobic mineral medium containing glucose as carbon source. The COD was 220 
mg/l. The biologically treated water (batch anaerobic treatment) was photo-oxidized (2 
mM Fe2+ and 1 mM H2O2) and an overall 85% reduction of UV absorbance and 94% 
reduction of COD obtained (Figure 14b). Both treatments were successful and the set-
up in which photo-Fenton was used as first step had a lower consumption of reagents, 
however, this reaction was performed on a pure solution of Remazol Red. But when 
photo-Fenton was used as post-treatment, the reaction was performed on anaerobically 
treated water containing the by-products of the dye but also salts and glucose, which 
were added to sustain the previous biological treatment. Thus, the increased 
consumption of reagents was caused by a more complex water composition. In fact, the 
matrix is what determines the reagent requirements, as discussed in the sections “Photo-
Fenton oxidation” and “Ozonation”. If the same solution were used in both set-ups, 
higher initial Fenton reagents concentration would be necessary to obtain the same 
removal of COD and UV absorbance in the first set-up, where photo-Fenton is used 
as first treatment step. Hence, biological treatment followed by photo-Fenton, was 
performed in the subsequent studies. 

In Paper III the treatment process was scaled up and two anaerobic biofilm reactors 
were used for the biological treatment of a synthetic textile effluent composed of 
Remazol Red 100 mg/l, starch 0.47 g/l, mineral medium and sodium chloride, 10-20 
g/l. The effluent was further treated by photo-Fenton oxidation. High reduction of UV 
absorbance and COD was obtained under all tested conditions; the final COD was in 
fact below 18 mg/l. However, clear differences were observed in the rate of removal; in 
particular, the higher the sodium chloride concentration, the slower was the reduction 
of UV absorbance and COD (Figure 15).  

In a work by Bacardit and colleagues. (2007), a similar effect of sodium chloride on the 
reaction rate of the photo-Fenton oxidation was observed. They were investigating its 
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performance for treatment of industrial wastewater containing between 3 and 50 g/l of 
sodium chloride. The authors also found that the removal of organic compounds 
(measured as TOC in their study) was the same no matter which sodium chloride 
concentration was in the system. It may be that the chloride ions interfere with the 
hydroxyl radicals by reducing their production rate, but not the total yield. Chloride 
ions can quench hydroxyl radicals and so decrease the decomposition rate of the 
available hydrogen peroxide molecules. In addition, chloride ions can interact with 
ferric and ferrous ions reducing their reaction rate with hydrogen peroxide (Maciel et 
al. 2004, Bacardit et al. 2007). Maciel and colleagues (2004) show in their work that 
sodium chloride concentrations up to 10 g/l do not significantly affect the removal of 
organic carbon, thanks also to the UV light which can break iron hydroxyl and iron 
complexes with organic compounds. 

 

Figure 15. 
Reduction of UV absorbance and COD during photo-Fenton oxidation of biologicallly treated synthetic 
textile wastewater. Initial conditions: 3 mM Fe2+, 15 mM H2O2, pH 3. AU = absorbance units. 

The photo-Fenton reaction is very effective in degrading complex organic pollutants; 
however, it has long reaction time and high chemical requirements. Thus, its use in 
combination with other treatment processes is recommended, so that costs and 
environmental impact can be minimized. The use of photo-Fenton as pre-treatment 
before biological degradation of textile wastewater has been suggested (Rodriguez et al. 
2002, Lucas et al. 2007, Rodrigues et al. 2009). However, a better solution is to use 
photo-Fenton after biological treatment (Blanco et al. 2014) (Paper III) or after other 
pre-treatment processes such as electrocoagulation (Manenti et al. 2015).  

A similar approach was used in Paper IV, where ozonation was used as post-treatment 
after the anaerobic biological process instead of photo-Fenton oxidation. The synthetic 
textile wastewater had the same composition as in the previous study, the sodium 
chloride content was kept at 10 g/l, but the dye concentration was increased from 100 
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to 500 and 1000 mg/l, which means that the COD increased as well from 650 to 900 
and 1290 mg/l. The biologically treated effluent was exposed to ozone for 1, 2 and 4 
minutes and the reduction of both COD and UV absorbance increased together with 
the exposure time. Nevertheless, the initial dye concentration was the main factor 
affecting the treatment and large differences, especially in terms of COD removal, were 
observed (Figure 16). The fact that the UV absorbance was reduced to a large extent 
indicates that most aromatic rings were opened during the ozone treatment. On the 
other hand, as the dye concentration increases, a major number of non-degraded 
organic compounds accumulate in the effluent, which therefore needs to be treated 
further.  

The same ozonation process was also used as post-treatment for real textile wastewater; 
the exposure time was further increased to six minutes. Figure 16 shows that both UV 
absorbance and COD were reduced only to a limited extent. In particular, no 
significant difference in COD was observed between the effluents exposed to ozone for 
one to six minutes. The UV absorbance decreased slightly as the exposure increased, 
indicating a progressive destruction of the aromatic structures. The aromatics were 
most likely transformed to more simple aromatic compounds and not mineralized.  

 

Figure 16. 
Reduction of UV absorbance and COD during ozonation of biologicallly treated real (TE) and synthetic 
textile wastewater containing 100, 500 and 1000 mg/l Remazol Red (RR). AU = absorbance units. 

The real textile wastewater was characterized by a rather high concentration of dissolved 
organic matter (DOC), 333 mg/l, compared with 5-20 mg/l in municipal wastewaters 
(Sonntag and Gunten 2012), and DOC has inhibitory effects for ozonation and 
advanced oxidation (Nöthe et al. 2009, Qian et al. 2013).  

Large-scale installations for photo-Fenton treatment are still scarce and mostly use solar 
light rather than artificial (Zapata et al. 2010, Michael et al. 2014, Velegraki and 
Mantzavinos 2015). The challenge is to build a reactor which allows exposure of large 
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volumes of water to sunlight without using excessively large areas. A common solution 
is the use of compound parabolic solar collectors (CPC) technology (Blanco-Galvez et 
al. 2007), but other reactor set-ups have been used as reviewed by Bahnemann (2004). 
Typically, the reactors for photocatalysis are tilted to better face the sun and have small 
depth so that the light reaches a larger volume of water. Full-scale ozone installations 
are more common, probably because their operation is simpler than photo-Fenton 
oxidation. Ozonation is used routinely for treatment of drinking water in many 
countries (von Gunten 2007), and it is becoming more and more common for 
treatment of industrial wastewater, also from textile industries (Lotito et al. 2012, 
Bertanza et al. 2013).  

Figure 17 compares the results obtained in this project for synthetic and real wastewater 
using both photo-Fenton oxidation and ozonation as post-treatment after a biological 
process.  

 

Figure 17. 
Reduction of UV absorbance and COD during ozonation and photo-Fenton oxidation of biologicallly 
treated real textile wastewater (TE) and synthetic textile wastewater (RR). COD-I = initial COD; COD-
F = final COD; UV Abs-I = initial UV absorbance; UV Abs-F = final UV absorbance; AU = absorbance 
units. 

Higher mineralization of the organic compounds in wastewater was obtained with 
photo-Fenton oxidation, as the reduction of both COD and UV absorbance indicates. 
Nevertheless, studies in which the degradation mechanism of azo dyes during photo-
Fenton oxidation has been investigated report that complete mineralization is difficult 
to achieve, transformation products like triazine may accumulate, and prolonged 
exposure is needed (Feng et al. 2000, Garcia-Montano et al. 2008b, Thomas et al. 
2014). Transformation products of azo dyes and other organic compounds accumulate 
also during ozonation of textile wastewater. In fact, the possibility of obtaining 
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complete mineralization using ozonation is still under discussion (Hong and Zeng 
2002, Somensi et al. 2010).  

One important factor affecting the degradation of organic compounds during 
ozonation of wastewater is the actual ozone consumption. Ozone has in fact limited 
solubility in water (mg/l range) (von Gunten 2007). The ozone consumption in the 
process used in this project was measured and a rather high amount of ozone went 
through the process unreacted: 0.15 g/l and 0.40 g/l when 0.52 g/l and 0.78 g/l, 
respectively, were fed (4 and 6 minutes of exposure to ozone). This inefficiency should 
be addressed to avoid unnecessary costs and possibly improve the degradation. A 
solution, already in use in the pilot studies performed by Primozone (Jürgen Bischhaus, 
personal communication), is to let ozone and wastewater be in contact for some time 
after exposure to the ozone flow; the residual ozone concentration is reduced by about 
10 times. The water first flows in an exposure tank where the ozone is fed for a few 
minutes. Then it is transferred to a reaction tank, where the ozone can react with the 
organic compounds in the water for a longer time. The only drawback is the necessity 
for an additional tank or reactor, but this strategy may allow reduction of the amount 
of the ozone required for treatment of a certain type of water, which is a big advantage.  
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7. Assessment of toxicity 

The pollution caused by textile wastewater is linked to several factors. As for all 
wastewaters, the release of nutrients in a natural water body will increase the oxygen 
consumption and thus decrease the oxygen availability and the life in the water basin. 
In addition, the colored effluent affects the photosynthetic capacity of the ecosystem 
by reducing the penetration of sunlight into aquatic environments. That affects the 
growth of plants and other organisms living in the same ecosystem. The dyes and their 
degradation products may have genotoxic and mutagenic effect and thus interfere with 
the genetic material and the reproductive system of vertebrates and invertebrates 
(Pinheiro et al. 2004, Sharma et al. 2007, Bafana et al. 2011).  

Biological processes and advanced oxidation have been studied for treatment of textile 
wastewater. The results were very encouraging when the treatment was performed on 
azo dye solutions but their interpretation became more difficult as the wastewater 
became more and more similar to real textile effluents. Chemical analysis of the 
composition of these effluents is challenging, especially after treatment, when a large 
number and variety of transformation products may be produced (Weschenfelder et al. 
2007, Constapel et al. 2009, Hisaindee et al. 2013). Thus, it is essential to assess the 
quality of treated effluents with other tools. Ecotoxicity studies can be used to 
determine the effects that an effluent would produce if it entered an ecosystem. One of 
the major advantages of toxicity tests over chemical analysis is their ability to assess a 
complex mixture and not only known, targeted compounds (Escher and Fenner 2011).  

Tests targeting different organisms should be used to assess the effect on different 
trophic levels. There are a great number of tests to choose from, but not all tests are 
suitable for all effluents. The toxicity of textile wastewater, for example, should be tested 
on organisms that are tolerant to, or even thrive on, high salinity. Toxicity tests can be 
of different types and be used to evaluate the acute or chronic effects as well as 
mutagenicity of a certain solution. Nevertheless, they all aim at finding a relation 
between amount of chemicals to which an organism is exposed and the type and degree 
of response produced, in other words a dose-response relationship. Acute toxicity is the 
result of a short exposure to a certain amount of a chemical and is detected shortly after 
the exposure. In contrast, chronic toxicity results from prolonged or repeated exposure 
to a certain chemical, even at very low doses, and is detected long time after the first 
exposure. Some dyes and their transformation products are mutagenic; they can 
increase the rate of DNA or RNA mutations and thus change their composition. Some 
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mutations can cause cancer, and therefore some mutagenic compounds are also 
carcinogenic.     

Acute toxicity 

The most commonly used toxicity tests are those assessing the acute toxicity of a 
dissolved chemical, because they provide a response in a short time. In Papers II, III 
and IV, three different toxicity tests were used. The target organisms were the brine 
shrimp Artemia salina, the edible herb Lepidium sativum and the bioluminescent 
bacterium Vibrio fischeri. In Figure 18 they are arranged according to their sensitivity 
to pollutants; Artemia salina is the least sensitive followed by Lepidium sativum and 
Vibrio fischeri, known for its high sensitivity (Rizzo 2011).  

 

Figure 18. 
Sensitivity scale of target organisms used for assessment of acute toxicity. Photos: V. fischeri Image 
copyright Dennis Kunkel Microscopy, Inc.; L. sativium gemuese-info.de; A. salina © Hans Hillewaert. 

The toxicity tests were chosen in an attempt to target those (micro)organisms that 
would eventually be in contact with the effluent, treated or untreated. Assays that 
evaluate the performance of a biological wastewater treatment process such as inhibition 
of nitrification (Arvin et al. 1994) and respirometry assay (Gendig et al. 2003) were 
initially considered, but could not be used because of their sensitivity to salinity.  
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Figure 19. 
Growth inhibition of stems and roots of Lepidium sativum after exposure to untreated and photo-
oxidized solutions of Remazol Red (the initial concentration was 100 mg/l). The time on the x-axis 
indicate for how long the Remazol Red solution has undergone photo-Fenton oxidation. Each dot is the 
average of 5 independent measurements. Error bars represent standard deviation. 

The plant Lepidium sativum was used in Paper II to evaluate the effects of the azo dye 
Remazol Red and of its degradation products formed during photo-Fenton oxidation 
on plants. Plants are used less often, but reports can be found where they have been 
used to assess toxicity of organic pollutants and the products of their degradation during 
biological and advanced oxidation processes (Moradas et al. 2008, Ellouze et al. 2010). 
The growth inhibition of both stems and roots was calculated and, interestingly, it was 
found to be higher after 5- to 15 minutes of photo-Fenton oxidation than for the 
untreated Remazol Red solution. Figure 19 also shows that the inhibition decreased as 
the treatment continued. Similar results have been reported for other azo dyes (de Luna 
et al. 2014). An increase in acute toxicity after a short photo-Fenton treatment or when 
very low Fenton reagents are used has been reported also by Zhang and colleagues 
(2014) in a study on the effect of photo-Fenton and coagulation for degradation of the 
azo dye red 3BS, using zebrafish as target organism.  

The toxicity of Remazol Red was measured also with Vibrio fischeri and Artemia salina 
(Paper IV). Vibrio fischeri, a bioluminescent bacterium, was chosen because it is the 
most widely used acute toxicity test (Dalzell et al. 2002, Ferraz et al. 2011a,  de Luna 
et al. 2014). In addition, it grows in 2% sodium chloride, so the salinity of the textile 
effluents does not affect the response. Artemia salina was chosen instead of the more 
commonly used invertebrate Daphnia magna, because it is tolerant to salinity. Solutions 
of Remazol Red were moderately toxic at a concentration of 100 mg/l, but increased 
concentrations led to higher toxicity. The toxicity increased even more after biological 
treatment, except for the solution containing 1000 mg/l of Remazol Red. Figure 20 
confirms that the sensitivity of the brine shrimp is much lower than that of Vibrio 
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fischeri and some toxicity was detected only for the dye solution with the highest 
concentration and for the real textile wastewater. It is also interesting that the untreated 
real textile effluent has rather high toxicity, which decreases slightly after biological 
treatment.  

 

Figure 20. 
Toxicity (EC20) of untreated and biologically treated synthetic and real textile wastewater to Vibrio 
fischeri and Artemia salina. RR = Remazol Red; Bio = bio-treated effluent; RE = real textile effluent; U = 
untreated textile effluent. EC20 = concentration at which 20% of the target organisms give the described 
response. Values are average of at least 3 independent measurements. Error bars represent standard 
deviation.  

Azo dyes are not usually seen as toxic, and it is rather their degradation products which 
are considered harmful for humans and the environment (Novotny et al. 2006, Bafana 
et al. 2011). These results suggest that this is not always true and the dye itself, 
depending on its chemical structure and especially on the type and position of the 
groups attached to the aromatic rings (Ferraz et al. 2011b), is a potential high risk for 
the people working with it and the environments contaminated with it.  

The untreated real wastewater had rather high toxicity towards V. fischeri, which 
decreased after biological treatment in agreement to what reported by the full scale 
treatment plant (Frijters et al. 2006). The toxicity towards A. salina was low and 
completely removed after biological treatment. 
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Figure 21. 
Toxicity of biologically treated synthetic and real textile wastewater after photo-Fenton oxidation or 
ozonation to Vibrio fischeri and Artemia salina. RR = Remazol Red; RE = real textile effluent; PF = 
photo-Fenton oxidation. EC20 = concentration at which 20% of the target organisms give the described 
response. Values are average of at least 3 independent measurements. Error bars represent standard 
deviation.  

Photo-Fenton oxidation and ozonation, used as post-treatment after the anaerobic 
biological process, were successful in removing the toxicity (Papers III and IV). Better 
reduction was obtained with ozonation (Figure 21), although the reduction of COD 
and absorbance was higher after photo-Fenton oxidation (Figure 17). These results, 
apparently in contrast, highlight the necessity of combining chemical analysis with 
toxicity assessment. Toxic compounds may be present at very low concentration, and 
especially when advanced oxidation techniques are used, a large number of toxic 
transformation products may be produced (Schröder 1996, Constapel et al. 2009). It 
is very challenging to detect their presence in effluents when measuring parameters like 
COD and TOC, but also when more sensitive techniques such as HPLC-MS are used 
(Weschenfelder et al. 2007). Thus, bioassays play a very important role and their use 
should be encouraged also to monitor the performance of full scale treatment plants. It 
would be interesting to be able to associate the remaining toxicity in the treated 
effluents with some compounds that are difficult to degrade even with AOPs. There is 
a lack of studies, though; some data can be found regarding chlorophenols where it is 
reported that the toxicity observed during photo-Fenton treatment is due to the 
generation degradation by-products (Karci et al. 2012). In some studies on azo dye 
degradation, accumulation of triazines which may be toxic has been observed (Garcia-
Montano et al. 2008b, Thomas et al. 2014).  
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Mutagenicity 

Assessment of mutagenicity of untreated and treated textile effluents is of great 
importance as some azo dyes and the aromatic amines produced during their 
degradation can be mutagenic. Potential mutagenicity effects related to textile 
wastewater have already been detected in receiving water bodies (de Aragão Umbuzeiro 
et al. 2005) and also in biological and chemical sludge generated in a full scale 
wastewater treatment plant (Mathur et al. 2007).  

Common methods used to evaluate the ability of chemicals and mixtures to cause DNA 
damages are the Comet assay and Ames test. The Comet assay measures DNA strands 
breaks in eukaryotic cells which have been exposed to potentially genotoxic agents 
(Collins 2004, Olive and Banath 2006). The Ames test is an assay designed to detect 
chemically induced gene mutations using histidine-dependent strains of Salmonella 
typhimurium. It can be performed in agar plates or in microplates, and the latter, used 
in this work, is shown in Figure 22 (Reifferscheid et al. 2012). A culture stored at -
80˚C is cultivated overnight in growth medium in the presence of histidine. Thereafter, 
a 24-well microplate filled with a solution containing exposure medium (lacking 
histidine) and target compound/wastewater is inoculated with the culture. S9-fraction 
of rat liver extract can be added to simulate metabolic activation that would occur if 
the target compounds were ingested by mammals and went through their liver. After 
90 minutes’ incubation, indicator medium is added and the cultures are transferred 
into a 384-well microplate. The results are read after a further 48 hours’ incubation: 
the revertant wells are those with a certain absorbance at 425 nm (purple in Figure 22). 
The more revertant wells, the higher is the mutagenicity potential of a certain sample. 
To improve the sensitivity of the assay to different types of mutagens, several strains 
have been developed. The most commonly used strains are TA98 and TA100, which 
are most sensitive to frame shift mutations and GC pair substitutions, respectively 
(McCann et al. 1975, Mathur et al. 2007, Shehzadi et al. 2014). 

In Paper IV, the Ames test without metabolic activation was used to estimate the 
mutagenicity potential of real textile wastewater before and after treatment. The strain 
used, YG7108, was developed by Yamada and colleagues (1995) and it is special 
because it lacks two genes encoding for O6-methylguanine DNA methyltransferases, 
which respond to DNA damages caused by alkylating agents (Yamada et al. 1997). For 
this reason, its use to detect mutagenicity after advanced oxidation of water and 
wastewater has been suggested (Magdeburg et al. 2014, Mestankova et al. 2014). The 
untreated effluent, as well as the effluent after biological treatment and even after one 
minute’s exposure to ozone, was positive to the test (p-values of 5.4e-10, 0.03 and 2.2e-

16, respectively).  
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Figure 22. 
Fluctuation Ames test for estimation of mutagenicity potential of chemicals and/or wastewater. The 
SEM image of Salmonella typhimurium was taken by Volker Brinkmann, Max Planck Institute for 
Infection Biology, Berlin, Germany (doi:10.1371/journal.pbio.0030166.g001).  

There was non-significant difference between the untreated and biologically treated 
effluents, but the mutagenic effects of the water after one minute of exposure to ozone 
were significantly higher than those of the biologically treated water (p-values of 0.05). 
These results suggest that compounds with alkylating activity, for example compounds 
that can methylate DNA, may be present in textile wastewater and that they may be 
generated during ozonation. Exposure to ozone for a longer period of time resulted in 
complete removal of mutagenic effects. Other studies on industrial and municipal 
wastewater treatment where ozone was used as tertiary treatment reported a reduction 
of mutagenicity potential after ozonation to a different extent depending on the 
chemical composition of the effluent and on the ozone dose applied (Misik et al. 2011, 
Bertanza et al. 2013).  
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8. An ideal treatment - implications 

The experimental results of this project indicate that textile wastewater can be cleaned 
by using several treatment processes. The choice of the technology to be used should 
take into account the characteristics of the specific textile effluent to be treated. 
However, other factors are also very important in deciding upon the configuration of a 
new treatment plant and these factors are the costs and the environmental impact. In 
Paper VI, the environmental impact and the costs of the two combined treatment 
approaches studied in this research project, anaerobic treatment followed by photo-
Fenton oxidation or ozonation, were assessed and discussed. In addition, the treatment 
processes studied in this project do not tell the whole story. Physical pre-treatment to 
separate the textile fibers is usually necessary and additional polishing steps may be used 
at the end before discharging the treated effluent or possibly re-using the water in the 
textile production. Ideally, salt and dyes could be separated from the dyeing effluent 
and the water reused, but this is not the reality yet. The missing steps that need to be 
taken to reach green textile production will also be discussed later in this chapter. 

Environmental impact and cost analysis of photo-Fenton 
and ozonation 

Life cycle assessment (LCA) methodology (ISO 14044:2006) was used to evaluate the 
environmental impact of the two combined strategies studied in this thesis: 

a. anaerobic biological process followed by photo-Fenton oxidation 

b. anaerobic biological process followed by ozonation 

The LCA methodology is based on the “cradle-to-grave” concept, following the life of 
a product from the origin of its raw materials to the disposal of the product itself and 
its by-products, as shown in Figure 23. 
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Figure 23. 
Simplified life cycle of textile production with details about an ideal treatment for the wastewater 
produced during manufacture of the textile product.  

In this case, the product is a certain amount of textile produced and the treatment of 
the wastewater is only a small part of the entire life cycle, the squared section in Figure 
23. For this reason, it is only possible to assess the environmental impact of the different 
treatment approaches and not the entire life cycle. Nevertheless, treatment of textile 
wastewater has quite an impact on the entire life cycle of textiles, as discussed by Yuan 
and colleagues (2013). As Figure 23 shows, wastewater is produced not only when the 
textile products are manufactured, but also during their normal use and when they are 
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disposed as waste. However, these streams are usually handled as municipal waste and 
wastewater and conventional methods are used for their treatment. 

A crucial step in the assessment of the costs and environmental impact of a certain 
process is the definition of the functional unit (FU), which is a measure of the service 
provided by the process and which for water treatment is usually a certain volume of 
water treated or the elimination of a certain pollutant to a predetermined extent. The 
role of the functional unit is to allow quantification and comparison of the 
consumptions and emissions of one or more processes. In this study the functional unit 
was defined as the reduction of acute toxicity of at least 57% according to the EC20 
calculated at 15 minutes using the V. fischeri bioluminescence assay of 1 m3 of textile 
wastewater, that is the volume of wastewater produced when manufacturing an average 
of 7.7 kg of textiles (35-40 cotton t-shirts). All the data and results presented in the 
following sections have been normalized to this unit. 

Cost analysis 

The costs of advanced oxidation processes depend on the degree of mineralization that 
is achieved, the treatment time and the scale of the plant (Carra et al. 2013, Sánchez 
Pérez et al. 2013). In fact, for a higher level of mineralization one of two strategies can 
usually be followed: either the total amount of reagent is increased or the length of the 
treatment is increased. Both strategies will therefore lead to higher costs. These 
operating costs were the object of the economic analysis performed at the end of this 
research project. The costs associated with capital investment were not considered as 
they depend on plant size and volume of water to be treated per day. 

Experimental data collected for treatment of the textile wastewater from the 
Netherlands, as described in the previous chapters, were used to calculate the 
requirement for raw materials and energy for the oxidation processes as well as the 
disposal of the precipitate generated during photo-Fenton. The inventory of the data is 
summarized in Table 5.  

The biological process has a negligible cost (0.1 €/FU) compared with photo-Fenton 
oxidation and ozonation (3.4 €/FU for both processes). Electricity, hydrogen peroxide 
and iron sulfate are the main factors affecting the cost of the photo-Fenton oxidation. 
The results in Table 5 show that the disposal of the precipitate rich in iron would have 
a relatively low cost, 4% of the total, in contrast to that reported in some previous 
studies (Wang et al. 2012, Bokare and Choi 2014). Substitution of artificial light with 
sunlight would significantly reduce the electricity requirements of the process and thus 
the overall costs. In fact, given a solar-Fenton oxidation and the lowest prices for the 
reagents (according to Table 5), the total cost is as low as 0.9 €/FU. To decrease the 
costs for the reagents, the entire process would need to be optimized. The reagents 
concentrations are in fact crucial for the outcome of the treatment and can be reduced 
only if the organic content of the wastewater is further reduced by other means. 
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Alternatives are to find cheaper sources for the reagents, for example the hydrogen 
peroxide remaining in the side stream produced during bleaching of the textiles could 
be exploited, or to recover a reagent such as iron after the treatment and reuse it. 

The costs of ozonation are high because ozone generation is a rather energy-intense 
process. As discussed in the end of the section entitled “How to combine physical-
chemical and biological processes”, the ozone utilization in the lab-scale process was 
not efficient. The ozone utilization and its oxidation efficiency can be improved by 
increasing the reaction time after ozone has been fed into the wastewater. That is 
currently done at pilot scale and has resulted in a large reduction in the ozone required 
for the treatment. Therefore, the costs can be potentially reduced from 3.4 to 0.5 €/FU. 

Table 5.  
Inventory data and cost analysis of biological, photo-Fenton and ozonation processes. 

 Input/output Amount Cost/FU (€/m3) 

Biological Electricity  0.002 kWh/FU 0.10a 

Photo-
Fenton 

Hydrogen peroxide 1.7 kg/FU 0.37-1.45 (Garcia-Montano et al. 2006) 

Sodium hydroxide 0.59 kg/FU 0.11-0.32 (Rodrigues et al. 2014) 

Sulfuric acid 0.43 kg/FU 0.03-0.06b 

Iron disposal 8.4 kg/FU  0.14 (Kalliala and Talvenmaa 2000) 

Iron sulfate 3.8 kg/FU 0.04-0.94b 

Electricity  15.5 (1.7) 
kWh/FU 

0.52 (0.06)a 

 Total  3.43 (0.75) 

Ozonation 

Oxygen (liquid) 5.8 (0.7) kg/FU 1.22 (0.14)c 

Electricity  17.4 (2.2) 
kWh/FU 

2.09 (0.26)a 

Total  3.31 (0.4) 

EUR/USD = 1.13, average for Jan- 22 to Feb 22,2015 from XE.com 
ahttp: // ec. europa. eu/ eurostat/ statistics-explained/ index. php/ Energy_price_ statistics Accessed on 
20/2/2015 - Average for half 2013, industrial 
bhttp://www.icis.com/chemicals/channel-info-chemicals-a-z/ Accessed on 20/2/2015 -  
cSpace Shuttle Use of Propellants and Fluids. National Aeronautics and Space Administration. 
September 2001. Retrieved December 16, 2007. "NASAFacts FS-2001-09-015-KSC" 

Advanced oxidation processes are usually considered expensive. The cost estimation of 
the treatments tested in this research project only partially confirms their high costs. In 
fact, our results show that upscaling and optimization can bring down reagents and 
electricity consumption costs, resulting in overall costs that are in the same order of 
magnitude as those estimated for biological processes, considered to be a cheap 
treatment alternative. Investments in installation of advanced oxidation pilot plants on 
sites where textile wastewater is treated are thus encouraged as they allow further 
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optimization and costs reduction of these new technologies. It is important to 
implement new treatment technologies to improve the quality of the treated effluent 
and reduce the risk of toxic and mutagenic compounds being released in the 
environment. 

Environmental impact 

The environmental impact assessment of the combined biological-ozonation process as 
well as biological-photo-Fenton process was performed using the inventory data 
represented in Table 5. The results are shown in detail in Paper VI, Figure 2. 

The biological process resulted in a small environmental impact when compared with 
that of the oxidation processes because of the low electricity consumption and the fact 
that no chemicals are added during biological treatment. Ozonation was characterized 
by high electricity consumption and water utilization. Oxygen is needed to generate 
ozone and this process requires large amounts of water and energy. In fact, ozonation 
resulted in extremely high water usage, 17 m3 per FU. This is a particularly discouraging 
value because the volume of wastewater to be treated in the functional unit is only 1 
m3. As a result, the environmental impact of ozonation was higher than that of photo-
Fenton in all categories. The production of electricity is the factor most affecting the 
impact of the photo-Fenton oxidation. Production of hydrogen peroxide has also a 
substantial influence, especially on eutrophication potential, particulate matter 
formation and global warming potential. The disposal of the iron-rich precipitate has 
a major effect only on the eutrophication potential.  

These results confirm that the high energy requirement is the main drawback of AOPs. 
The same conclusions were drawn by Muñoz and colleagues (2006) in a study that 
compared several AOPs for treatment of a Kraft mill effluent. They also indicated 
electricity consumption as the main factor affecting the environmental impact and 
therefore ozonation as least friendly process. 

A sensitivity analysis was carried out to consider the uncertainties of the processes, for 
example how the electricity is produced, which type of light is used to perform the 
photo-Fenton oxidation, the amount of reagents required for the oxidation and so on. 
A detailed summary of the different factors considered and how the environmental 
impact of the processes would change can be found in Paper VI, Table 4. The most 
interesting part was the evaluation of potential improvements of the processes. 
Substitution of artificial light with sunlight for the photo-Fenton oxidation results in a 
great improvement and it is feasible in certain areas of the world. Data collected in 
Almeria, Spain (Ignacio Maldonado Rubio, personal communication) and in a study 
by Durán and colleagues (2012) indicate that the electricity requirement would 
decrease by 90% and cause a significant reduction of the environmental impact in all 
the categories. Ozonation can also be optimized to reduce its environmental impact. In 
particular, upscaling from lab to pilot resulted in a decrease in ozone consumption from 
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790 g/m3 to 100 g/m3 with consequent reduction in oxygen and electricity 
requirements. The overall environmental impact was consistently improved. In 
addition, the consumption of water and energy in both oxidation processes was reduced 
and, particularly for ozonation it became similar to that of the biological treatment. 

The outcome of the economic and environmental analysis confirms that the biological 
process has substantial advantages in terms of consumption of electricity and chemicals 
compared with advanced oxidation technologies. Nevertheless, photo-Fenton 
oxidation and ozonation can be optimized to be cost-efficient and to minimize 
emissions. The recommendation is to use biological processes where possible so that 
only what is non-biodegradable is taken care of with advanced oxidation technologies. 

Textile wastewater treatment in the future 

In the last decade effort has been put to into changing the way we think about waste 
and wastewater so that we learn to see them as resources. The so-called “paradigm shift” 
from wastewater treatment to resource recovery should also involve the textile sector. 
Salt, dyes and water could be separated and reused in textile manufacture with 
economic and environmental advantages. Water reuse is becoming a reality and, 
together with desalination, represents the solution to water scarcity around the world 
(Elimelech and Phillip 2011).  

A large quantity of salt and dyes end up in the first rinse after dyeing. Separate treatment 
of this effluent would allow salt recovery and enhance the treatability of the effluent 
(Vishnu et al. 2008). Membrane technology is a good option for recovery of salts 
(Koyuncu et al. 2004, Allègre et al. 2006, Vishnu et al. 2008). Several dyeing units in 
Tirupur have recently installed zero discharge treatment systems (ZDTSs), which allow 
recovery of salt and reuse of water (Vishnu et al. 2008). Dyeing and washing effluents 
are treated separately, the first through nanofiltration, which results in up to 70% salt 
recovery, and the second through flocculation/coagulation and reverse osmosis, for a 
total water recovery close to 90%. Although this system provides good recovery and 
good economic revenue, it is not the optimal solution. There has been a lot of 
discussion regarding the generation of toxic sludge from treatment of textile wastewater 
and the ZDTSs do not tackle that problem. In fact, coagulation/flocculation is the step 
that removes most of the color and organic content from the wastewater, but that means 
that for each 100 l of wastewater treated, 13-17 l of toxic (wet) sludge are produced.  
The solution that emerges from this research is that biological treatment followed by 
advanced oxidation can remove color, organic content and toxicity from textile 
effluents and prepare them for an eventual further treatment, for example reverse 
osmosis, so that reusable water is obtained with very low sludge production. A simple 
scheme representing this idea is depicted in Figure 23 in the beginning of this chapter. 
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One issue that still requires a lot of research is the recovery of dyes. Only a few studies 
are found in the literature where methods to separate dyes from aqueous solutions are 
tested and they are based on liquid-liquid extraction (Muthuraman et al. 2009) or 
liquid membrane process (Othman et al. 2011). Novel technologies need to be 
developed and better cooperation between industries and research is necessary. Dyes 
can have many different chemical structures, which until now has not helped us to find 
a way to recover them all. 
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9. Conclusions and future perspectives 

In this thesis biological and physical-chemical methods have been evaluated for their 
ability to degrade azo dyes and treat textile wastewater.  

The chosen biological process was an anaerobic biofilm reactor. High reduction of 
COD was achieved and the process was stable even under harsh conditions such as high 
concentrations of sodium chloride and azo dyes. The azo dyes were biotransformed into 
colorless but toxic compounds, probably aromatic amines. The microbial community 
was dominated by the presence of bacteria, but also eukaryotic microorganisms, in 
particular fungi and algae. The role of algae in azo dyes degradation was also confirmed 
in a separate study where isolates from the reactors and from the natural environment 
showed ability to cleave azo bonds. 

The physical-chemical methods evaluated were photo-Fenton oxidation and ozonation. 
Photo-Fenton was first tested as a stand-alone treatment and demonstrated to have the 
potential to mineralize azo dyes. Some advantages may result from the use of solid iron 
instead of soluble iron sulfate, but the latter was preferred for its fast reaction kinetics. 
Although efficient when applied to aqueous dye solution, the photo-Fenton reaction 
needed high initial concentrations of reagents to degrade azo dyes in synthetic textile 
wastewater. Thus, its use in combination with biological treatment was investigated.  

A two-step treatment was set up by combining the advantages of the biological process, 
high reduction of COD, and of photo-Fenton reaction, mineralization of azo dyes. The 
same approach was used to evaluate the potential of ozonation. An anaerobic biofilm 
process was used as first step followed by photo-Fenton oxidation or ozonation. Both 
strategies were successful in treating textile wastewater in terms of degradation of 
organic compounds including the dyes. 

The azo dyes were toxic to the shrimp Artemia salina and to the bacterium Vibrio 
fischeri. The toxicity was even higher after biological treatment, but was reduced by the 
oxidative post-treatment. The real textile wastewater was also toxic and had a high 
mutagenic effect. The mutagenicity was removed only after appropriate post-treatment, 
suggesting that this type of analysis should be performed before the discharge of treated 
textile wastewater into the environment.  

Because of the toxic nature of the dyes, use of advanced oxidation or other methods 
before biological treatment is suggested in the literature. This work shows that 
biological biofilms are robust and can thrive even under such conditions. Use of 
biological treatment as a first step offers considerable advantages in terms of process 
economy and environmental impact as it has low energy and chemical requirements. 
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In addition, the reagents requirement of photo-Fenton oxidation and ozonation 
depends on the pollution-level of the water to be treated, hence if used as post-
treatment after biological degradation, their costs and environmental impact is reduced.  

A treatment that includes several biological processes combined in series may provide 
additional benefits in terms of removal of organic compounds and pollutants compared 
with the treatment tested in this study. In fact, different types of microorganisms thrive 
under different conditions and may express their degradation potential better if 
cultivated alone than in a mixed culture. White-rot fungi, for example, possess powerful 
oxidative enzymes that can degrade many aromatic molecules. Their use after the 
anaerobic process applied in this study may lead to further degradation of the dyes by-
products. As a consequence, the effluent to be treated with advanced oxidation would 
have low organic content hence less electricity and chemicals would be needed for the 
final treatment step. Biological and advanced oxidation processes can be combined in 
different ways and the treatment set-up should be optimized so that microbial 
degradation is exploited at the expenses of advanced oxidation, which use should be 
minimized. 

The assessment of costs and environmental impact highlighted even more the 
importance of reducing electricity and reagents consumption of AOPs. Use of solar 
light and upscaling resulted in promising improvements for photo-Fenton and 
ozonation, respectively. Nevertheless, more efforts should be put into optimizing the 
use of resources: improving the ozone consumption, reusing the iron remaining after 
photo-Fenton and finding alternatives to hydrogen peroxide. These are just some of 
the issues that need to be addressed to accelerate the implementation of new and 
effective technologies for textile wastewater treatment. 

The suggested novel approach for textile wastewater treatment composed of an 
anaerobic biofilm process followed by photo-Fenton or ozone oxidation would fit well 
into the zero water discharge concept and improve it greatly by reducing the sludge 
production. In such a system, the effluent of the oxidation process would be treated 
with reverse osmosis so that water and salt would be recovered and reused in the 
manufacturing of textiles. The future of wastewater treatment is in fact water reuse. 

Textile wastewater treatment would benefit considerably from technologies that allow 
separation of dyes. Dyes are in fact the main concern in terms of toxicity and their 
presence in the environment in water or as solid sludge should be avoided at all costs.  

With the improvement of the analytical tools, more and more pollutants are detected 
in wastewater and degradation of emerging contaminants has become a major issue in 
the wastewater sector. The novel treatment strategy suggested in this research has two 
main advantages: a very small amount of sludge is generated and the advanced oxidation 
applied on the bio-treated wastewater is very effective in degrading complex organic 
molecules. Therefore, application of such a treatment approach is recommended also 
for treatment of other types of industrial wastewater as well as for degradation of a 
variety of organic pollutants present in municipal effluents.  
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