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1. Introduction  

In recent years, with an increase in the stringent water quality regulations due to 
environmental concerns, extensive research has focused on upgrading current water 
treatment technologies and developing more economical processes that can effectively deal 
with toxic and biologically refractory organic contaminants in wastewater. In this context, in 
order to avoid or mitigate the possible adverse health, safety, and environmental impacts, to 
grantee compliance with federal, state, and local environmental laws, or only to set an 
example to students, many institutions of higher education have supported researches that 
aim to establish a treatment process for practical and economic disposal of waste chemicals. 
Waste chemicals in academic laboratories are by-products of research, teaching and testing 
activities. Waste chemicals from academic research laboratories can be considered one of the 
most polluting wastewaters and they pose more problems for the treatment and subsequent 
adequate disposal, due to their unique characteristics. These wastes are generated by 
laboratory operations, such as chemical analysis and research activities, including chemical 
and biological treatment experiments on a wide range of synthetic and natural wastewaters, 
and may include an abundance of unused laboratory reagents. Thus, they may present a 
great diversity of composition and volume, including refractory organics, toxic compounds 
and heavy metals, and may offer potential hazards to both health and environment. 
The ultimate destination of waste is usually a treatment, storage, and disposal facility 
(National Research Council, 1995). The treatment of waste chemicals is typically via 
chemical action, such as neutralization, precipitation and reduction to yield a less toxic 
waste. However, in most cases, the treatment product still cannot be safely disposed of in 
the sanitary sewer. Most generators also adopt the practice of land filling or direct 
incineration of hazardous wastes. In this scenario, the development of economical methods 
to achieve a high degree of wastewater treatment is highly desirable.  
The development and application of several Advanced Oxidation Processes (AOPs) to 
destroy toxic and biologically refractory organic contaminants in aqueous solutions 
concentrated significant research in the field of environmental engineering during the last 
decades. Among AOPs, the Fenton’s reagent is an interesting solution since it allows high 
depuration levels at room temperature and pressure conditions using innocuous and easy to 
handle reactants. The inorganic reactions involved in Fenton process are well established 
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and the process has been used for the treatment of a variety of wastewaters. The high 
efficiency of this technique can be explained by the formation of strong hydroxyl radical 
(�OH) and oxidation of Fe2+ to Fe3+. Both Fe2+ and Fe3+ ions are coagulants, so the Fenton 
process can, therefore, have dual function, namely oxidation and coagulation, in the 
treatment processes (Badawy & Ali, 2006). It is essential, though, to investigate and set the 
operating conditions that best suits the wastewater that are being treated in order to achieve 
high degradation efficiencies.  
In previous research work, chemical oxidation using Fenton’s reagent was tested as a 
treatment method for mixed waste chemicals and optimized using a response surface 
methodology (Benatti et al., 2006). As predicted, the process optimization leaded to high 
COD removal (92.3%), with a high efficiency in the removal of heavy metals as a side effect. 
However, its major disadvantage is the production of Fe(OH)3 sludge that requires further 
separation and proper disposal, with the consequent increase in operation costs. To 
overcome the drawback, the knowledge of the treatment process residue characteristics is 
imperative to design a successful waste management plan that may guarantee the viability 
of the applied technology to the wastewater treatment. 
Most studies focused on applying the Fenton process to wastewater treatment and do not 
take into account the generated residues. Using the previously optimized set of process 
variables, the effects of Fenton´s reagent treatment of mixed waste chemicals are thoroughly 
discussed in the current chapter. The whole process was analysed from an environmental 
perspective, where the focus was not only the treatment of the wastewater, but also the 
characterization for correct final destination of the solids originating from the treatment 
process. Furthermore, the process was applied to wastewaters generated in different periods 
in order to study the effect of wastewater composition on the process efficiency. 
This chapter also discusses about the unique nature of waste chemicals, presents different 
applications of Fenton´s reagent on the treatment of a variety of wastewaters, and provides 
an insight into the Fenton´s reaction mechanisms and some background on their operations 
conditions.  

2. Theoretical approach 

Advanced oxidation processes (AOPs) are based on the generation of very reactive species 
such as hydroxyl radical (•OH), a nonspecific, strong oxidant which reacts with most 
organic and biological molecules at near diffusion-controlled rates (>109 M-1 s-1) 
(Büyüksönmez et al., 1999). Common AOPs involve Fenton and Fenton ‘‘like’’ processes, 
ozonation, photochemical and electrochemical oxidation, photolysis with H2O2 and O3, 
high voltage electrical discharge (corona) process, TiO2 photocatalysis, radiolysis, wet 
oxidation, water solutions treatment by electronic beams or γ-beams and various 
combinations of these methods (Kušić et al., 2007). Among AOPs, Fenton’s reagent has 
been used (either alone or in combination with other treatments) as a chemical process for 
the treatment of a wide range of wastewaters. Recent applications of Fenton´s reagent 
include the pre-treatment of olive mill wastewater (Lucas & Peres, 2009), the treatment of 
landfill leachate (Deng & Englehardt, 2006; Zhang et al., 2005), copper mine wastewater 
(Mahiroglu et al., 2009), water-based printing ink wastewater (Ma & Xia, 2009) and 
cosmetic wastewaters (Bautista et al., 2007), the degradation of pesticide (Li et al., 2009; 
Chen et al., 2007), antibiotic (Ay & Kargi, 2010; Elmolla & Chaudhuri, 2009), high-strength 
livestock wastewater (Lee & Shoda, 2008) and organic compounds of nuclear laundry 
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water (Vilve et al., 2009), the oxidation of combined industrial and domestic wastewater 
(Badawy & Ali, 2006), the pre-oxidation of pharmaceutical wastewaters (Martínez et al., 
2003), the treatment of water-based paint wastewater (Kurt et al., 2006) and cellulose 
bleaching effluents (Torrades et al., 2003), the degradation of the explosives 2,4,6-
trinitrotoluene (TNT) and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) after iron pre-
treatment (Oh et al., 2003), and the treatment of different streams of textile wastewaters, 
such as the treatment of hot desizing wastewaters (Lin & Lo, 1997), and the treatment of 
dye wastewaters (Wang et al., 2008; Gulkaya et al., 2006). 
Fenton´s reagent is also combined with biological process, as a pre-treatment to enhance the 
biodegradability of the recalcitrant compounds and lower the toxicity (Padoley et al., 2011, 
Mandal et al., 2010, Badawy et al., 2009) or as a post-treatment to improve the efficiency of 
the wastewater treatment (Ben et al., 2009, Yetilmezsoy & Sakar, 2008).  
Fenton’s reagent, which involves homogenous reaction and is environmentally acceptable 
(Bham & Chambers, 1997), is a system based on the generation of very reactive oxidizing 
free radicals, especially hydroxyl radicals, which have a stronger oxidation potential than 
ozone; 2.8 V for •OH and 2.07 V for ozone (Heredia et al., 2001). The Fenton’s reactions at 
acidic pH lead to the production of ferric ion and of the hydroxyl radical (Garrido-Ramírez 
et al., 2010; Gallard & De Laat, 2001; Walling, 1975): 

..  2 3 -
2 2Fe H O Fe +OH + OH+ ++ → •  Ea=39.5 kJ mol-1 k1=76 M-1s-1 (1) 

 3 2
2 2 2Fe H O Fe +HO +H+ + ++ → •  Ea=126 kJ mol-1 k2=0.001-0.01 M-1s-1 (2) 

Hydroxyl radicals may be scavenged by reaction with another Fe2+ or with H2O2 (Torrades 
et al., 2003; Chamarro et al., 2001; Lu et al., 1999): 

 2 3OH Fe HO Fe+ − +• + → +  (3) 

 2 2 2 2OH H O HO H O• + → • +  (4) 

Hydroxyl radicals may react with organics starting a chain reaction (Bianco et al., 2011; 
Dercová et al., 1999): 

 2OH RH H O R• + → + • , RH = organic substrate  (5) 

 2R O ROO• + → • → products of degradation (6) 

Ferrous ions and radicals are produced during the reactions as shown below (Lu et al., 1999): 

 3
2 2H O Fe ++ ⇄ 2H FeOOH+ ++  (7) 

 2 2
2FeOOH HO Fe+ +→ • +  (8) 

 2 3
2 2HO Fe HO Fe+ − +• + → +  (9) 

 3 2
2 2HO Fe O Fe H+ + +• + → + +  (10) 
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The efficiency of this process depends on several variables, namely temperature, pH, 
hydrogen peroxide, ferrous ion concentration and treatment time. The oxidizing potential of 
the hydroxyl radical is pH dependent, and varies from E0 =1.8 V at neutral pH to +2.7 V in 
acidic solutions (Buxton et al., 1988, as cited in El-Morsi et al., 2002). Operating pH of the 
system has been observed to significantly affect the degradation of pollutants (Benitez et al., 
2001; Kang & Hwang, 2000; Nesheiwat & Swanson, 2000; Lin & Lo, 1997). The degree of 
oxidation of organics with Fenton’s reagent is maximum when the pH lies in the interval pH 
3–5 (Lunar et al., 2000; Lin & Lo, 1997). Hydrogen peroxide is most stable in the range of pH 
3–4, but the decomposition rate is rapidly increased with increasing pH above 5. Thus, the 
acidic pH level around 3 is usually optimum for Fenton oxidation (Gogate & Pandit, 2004; 
Neyens & Baeyens, 2003). However, in order to achieve high performances, these 
experimental conditions must be optimized (Homem et al., 2010). Some environmental 
applications of Fenton’s reagent involve reaction modifications, including the use of high 
concentrations of hydrogen peroxide, the substitution of different catalysts such as ferric 
iron and naturally occurring iron oxides, and the use of phosphate-buffered media and 
metal-chelating agents. These conditions, although not as stoichiometrically efficient as the 
standard Fenton’s reactions, are often necessary to treat industrial waste streams and 
contaminants in soils and groundwater (Büyüksönmez et al., 1999). 

3. Materials and methods 

3.1 Materials 
All chemicals employed in this study were analytical grade. All solutions were prepared in 
distilled-deionized water. Glassware used in metals determination was washed with 
detergent, rinsed with tap water, soaked with HNO3 (~50% v/v) for 24 h, and rinsed with 
distilled-deionized water prior to drying. 
Reagent grade H2O2 was standardized using iodometric titration (U.S. Peroxide, 2003) and 
used as purchased. A 1 M FeSO4.7H2O stock solution was prepared and standardized 
(Pavan et al., 1992) just before Fenton’s experiments. Solutions of NaOH and H2SO4 were 
used for pH adjustments. 

3.2 Sample preparation 

Chemical effluents generated during the laboratory operations over a period of 17 months 
were monitored, collected and stored in clearly marked containers. Later on these effluents 
were divided into two groups and then mixed to obtain two combined samples (sample 1 
and 2), produced in different periods of time that were used in the experiments of Fenton’s 
oxidation. 

3.3 Fenton´s experimental procedure 

The Fenton’s oxidation experiments were carried out under optimal conditions established 
in previous work (Benatti et al., 2006): ratio [COD]:[H2O2] = 1:9; ratio [H2O2]:[Fe2+] = 4.5:1 
and pH 4.  
Experiments were carried out in 250 mL beakers with a solution volume of 150 mL that 
consisted of laboratory effluent without solids separation. The effluent was continuously 
mixed (100 rpm) in a jar test apparatus at room temperature. Firstly the pH of the solution 
was adjusted to 4 with NaOH (~30% w/v), and a sample was withdrawn and centrifuged at 
2500 rpm for 5 min for the separation of suspended solids and COD0 was determined in 
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supernatant. The required amount of reagents was determined according to COD0 value. 
The amount of FeSO4 was first added to the reaction mixture. The Fenton reaction was then 
initiated by sequential addition of the required amount of H2O2, in three steps of equal 
volume added at intervals of 20 min, to moderate the rise in temperature that occurs as the 
reaction proceeds and to minimize quenching of •OH. The pH adjustments were performed 
using H2SO4 or NaOH solutions before each reagent addition and then at each hour. The 
Fenton reaction time was initiated by the addition of the first required amount of H2O2 to 
the reaction mixture. After reactions were completed (4 h), precipitation of the oxidized iron 
as Fe(OH)3 was performed by adjusting the pH to 8 and then about 15 h of clarification 
under quiescent conditions. Final samples of supernatant were taken for COD 
measurements and for determination of residual hydrogen peroxide. All experiments were 
performed in duplicate. 
The wastewater was also characterized in terms of pH, apparent color, turbidity, total 
phenols, sulfate, sulfide, chloride, total phousphorous, nitrogen and metals content (Ag, Al, 
Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Mg, Mn, Na, Ni, Pb and Zn) before and after the Fenton’s 
oxidation experiments.  

3.4 Fenton´s residues characterization 

The Fenton´s reagent residues were characterized through leaching tests, chemical 
fractionation and analysis of X-ray diffraction. 
Sludges obtained at the end of the Fenton’s process were named for ease of notation as 

residues 1 and 2 according to their originating effluent samples, and each one was divided 

into two portions. The first portion was transferred to an ambar glass flask and preserved at 

4 °C for leaching tests. The second one was filtered under vacuum, rinsed with distilled-

deionized water to eliminate the excess of sodium hydroxide, and then dried at 105 °C. The 

dried solids were removed from the filter, grinded and homogenized in a porcelain mortar, 

and stored for chemical fractionation and analysis of X-ray diffraction.  

The leaching tests were carried out according to the Brazilian methodology (ABNT, 1987a). 

In these tests, 100 g of sludge was filtered through 0.45 µm cellulose ester membranes, the 

liquid phase was stored at 4 °C and the membranes containing the solid phases were 

transferred to 500 mL glass beakers. Distilled-deionized water (1:16) was added along with a 

sufficient quantity of acetic acid (0.5 N) to adjust the pH to 5.0±0.2. The suspension was 

stirred for 24 h. A pre-calculated amount of distilled-deionized water was then added to the 

suspension, the separation of phases was performed by filtering in 0.45 μm cellulose ester 

membrane, and the obtained solution was mixed with the stored liquid phase initially 

obtained. The mixed liquor was then preserved at 4 °C for metals determination. After 

analysis, the residues were classified according to ABNT-10004 (ABNT, 1987b) with regard 

to the maximum limits obtained in the extracts. 

The chemical fractionation of solid residues was carried out by use of the following 
sequential dissolution procedure:  
Step 1. Exchangeable ions were removed at room temperature for 1 h with magnesium 

chloride solution (1M MgCl2, pH 7.0) and continuous agitation in Erlenmeyer 
flasks, using 1 g of dried precipitate and 8 mL of extractant, according to the 
methodology of Tessier et al. (1979).  

Step 2. Amorphous material was removed by acid ammonium oxalate (pH 3.0) in a 4 h 
extraction in Kjeldahl flasks kept in the dark and at room temperature, using 1 g of 
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dried precipitate and 100 mL of extractant, according to the methodology proposed 
by Camargo et al. (1986).  

Step 3. Free Fe-oxides were removed from 0.5 g of dried samples by Na–dithionite–citrate–
bicarbonate system in Kjeldahl flasks according to the methodology of Mehra & 
Jackson (1960).  

Step 4. The residues remaining from Step 3 as well as the original samples were digested 
with a 2:1 mixture of nitric and perchloric acids. 

Between each successive extraction, separation was performed by filtering the suspension 
through a 0.45 μm cellulose ester membrane. During filtration the residues were washed with 
distilled-deionized water. The liquid phase was transferred to volumetric flasks, diluted to 
mark, transferred to amber glass flasks, acidified to pH< 2 with concentrated nitric acid and 
preserved at 4 ◦C for metal determinations. The solids were transferred with a porcelain spoon 
and rinses of distilled-deionized water to a tare porcelain crucible and dried at 105 ◦C, cooled 
under vacuum in a desiccator, and weighed for weigh loss determinations. The solids were 
then crushed, manually homogenized using a porcelain spoon, dried again at 105 ◦C for 
moisture removal, and stored in a desiccator until ready for use in the next extraction step. 
These procedures were performed in three or more replicates. 
The original dried solids as well as the solids from each extraction phase were analyzed by 
X-ray diffraction (XRD) using a Shimadzu D6000 diffractometer (Cu Kα radiation and λ = 
1.54178 Å; scanning speed 2° 2θ min−1 for the ranges 5–70° 2θ). The mineralogical phases 
identification in generated X-ray diffractograms was performed by the position and 
intensity of diffraction planes. The amorphous phase diffractograms were determined by 
DXRD according to Schulze (1994), by subtraction of diffractograms intensity of original 
samples and of residues obtained after amorphous phase extraction. 

3.5 Analytical methods 

pH was measured with a Digimed-DM-20 pH meter calibrated with pH 4.01 and 6.86 
Digimed standard buffers. The analyses of COD, settable solids, total phosphorous and 
soluble sulfate (turbidimetric method) were performed in accordance with standard 
methods (APHA-AWWA-WEF, 1998). Residual hydrogen peroxide was determined by the 
iodometric titration method (U.S. Peroxide, 2003). Total phenols were measured according 
to the colorimetric method of Folin-Ciocalteu reagent (Scalbert et al., 1989). Real  
and apparent color, turbidity, and sulfide were measured spectrophotometrically 
(spectrophotometer DR/2010, HACH, Loveland, CO) using the APHA platinum–cobalt 
standard method, the attenuated radiation method (direct reading), and the HACH sulfide 
test, respectively. Chloride was determined by the silver nitrate titration method (APHA-
AWWA-WEF, 1998). Nitrogen (Kjeldahl) was measured according to Adolfo Lutz Institute 
Analytical Norms (Normas Analíticas do Instituto Adolfo Lutz, 1985). Metallic elements 
(Ag, Al, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Mg, Mn, Na, Ni, Pb and Zn) were determined in 
extracts by atomic absorption spectroscopy (Varian SpectrAA – 10 Plus). 
The COD measured in the samples taken from Fenton’s reactor was converted according to 
Eq. (11) to prevent the interference of H2O2 on COD analysis (Talini & Anderson, 1992). 

 M pCOD = COD  - R   0.25×  (11) 

where COD, COD value in the sample (mg O2/L); CODM, measured COD (mg O2/L); Rp, 

residual hydrogen peroxide in the sample (mg/L). 
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The percent of COD removal was then determined through the following equation: 

 0

0
(%) ( ) * 100ECOD COD

COD
η

−
=  (12) 

where η, percentage of COD removal; COD0, measured COD in supernatant before 
oxidation (mg O2/L); CODE, COD value in clarified supernatant after precipitation (mg 
O2/L). 

4. Results and discussion 

Throughout the monitoring period waste chemicals were generated as a consequence of 
chemical analyses and other research activities. Part of these residues is originated from 
chemical oxygen demand (COD), total phenols, nitrogen, protein, phosphate and sulfide 
determinations. Another significant part is constituted by diluted metal solutions containing 
Ag, Al, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Mg, Mn, Na, Ni, Pb and Zn, solutions standardization, 

and an abundance of unused laboratory reagents. As a consequence, the samples could be 

described as a quite complex wastewater which comprises different chemical species in 

dissolved, colloidal and particulate form. The main characteristics of the raw laboratory 

wastewater are presented in Table 1. Results in Table 1 show that the wastewater has high 

organic load (COD up to 2.7 g/L) and extremely low pH (<1.0). All raw samples contained 

an amount of brown solids presented as settable solids.  

 

Parameter Unity Sample 1 Sample 2 

pH  < 1 < 1 
Apparent color Pt/Co 12700 10250 

Real color Pt/Co 7150 1020 
Turbidity NTU 4010 2960 

Total COD mg O2/L 2345 2676 
Total phenols mg/L 58.6 37.9 
Settable solids mL/L 4.5 4.0 

Table 1. Characteristics of raw waste chemicals 

Table 2 presents the results of chemical oxidation by Fenton´s reagent for both samples 

under optimum operation conditions. The characterization of the wastewater before and 

after Fenton’s treatment is presented in Table 3. 

 

Sample Initial End of the 
oxidation stage 

End of the precipitation stage 

COD 
mg O2/L

COD 
mg 

O2/L 

% 
COD 

removal

residual 
H2O2 

mg/L 

Catalytic 
sludge 

mL 

COD 
mg 

O2/L 

% 
COD 

removal 

1 898 232 74,1 13,4 40 93 89,7 

2 769 176 77,1 30,0 40 166 78,5 

Table 2. Results of the waste chemical treatment by Fenton´s reagent.  
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Parameter Unity Sample 1 Sample 2 
Raw 

supernatant
 

Initial 
effluenta 

Final 
effluent 

at 
optimized
conditions

Raw 
supernatant

 

Initial 
effluenta 

Final 
effluent 

at 
optimized 
conditions 

pH  <1 4 8 <1 4 8 
Apparent color Pt/Co 308 2205 137 503 1615 352 

Turbidity NTU N.D. 42 10 N.D. 5 6 
Soluble COD mg O2/L 1145 898 93 2576 769 166 
Total phenols mg/L 27.3 27.0 N.D. 39.8 35.9 N.D. 

Sulfate g/L 263 142 152 296 151 164 
Sulfide mg/L 0.04 0.07 0.01 0.05 0.12 0.01 

Chlorideb mg/L 638 638 567 6523 6523 5247 
Phosphorous mg/L 203.8 90.5 0.1 394.2 233.2 0.4 

Nitrogen mg/L 1434 1038 566 38 38 N.D. 
Metals:        

Ag mg/L 1.1 1.1 0.8 1.1 1.1 1.0 
Al mg/L 18.8 5.2 1.4 6.8 6.4 4.5 
Ca mg/L 59.1 39.0 30.4 37.7 26.3 21.4 
Cd mg/L 0.3 0.3 0.3 6.9 2.3 0.5 
Co mg/L 1.2 0.8 0.8 1.3 0.8 1.0 
Cr mg/L 301.4 155.2 1.0 541.6 266.9 12.1 
Cu mg/L 1.7 0.3 0.6 4.5 2.0 0.3 
Fe mg/L 131.9 29.6 4.4 114.0 38.7 1.7 
Hg mg/L 1815.6 148.4 75.1 2769.3 70.7 99.8 
K mg/L 405.2 278.7 187.4 1084.8 646.4 645.3 

Mg mg/L 3.5 2.6 1.7 10.6 8.6 3.0 
Mn mg/L 0.7 0.6 0.5 0.8 0.4 0.1 
Na g/L 10.2 73.9 77.9 9.1 98.5 101.7 
Ni mg/L 0.9 1.2 1.1 1.1 1.3 1.1 
Pb mg/L 1.9 1.3 1.1 1.6 1.3 1.1 
Zn mg/L 0.9 0.5 N.D. 0.1 N.D. N.D. 

a Sample after pH adjustment to 4 with NaOH (30% w/v). 
b Chloride content was determined at pH 8. 

Table 3. Characteristics of the laboratory wastewater supernatant before (raw and after pH 
adjustment) and after oxidation at optimized conditions (N.D.: not detected). 

One set of experiments was conducted as control experiments (without any addition of 
hydrogen peroxide or ferrous sulfate). The simple pH adjustment of the effluent to 8 did not 
contribute for significant COD or phenol removal. Though it was capable of minimizing the 
toxic metal content in solution as metal hydroxide precipitation (data not shown), it 
presented an undesirable effect. The raise of pH of the mixed waste chemicals to high values 
(pH=8) resulted, under temperatures below 20 °C, in a high instable solution, with the 
formation of a crystal solid phase simply by its manipulation. This is probably due to the 
formation of several inorganic substances, and for such substances solubility decreases with 
decreasing temperature.  
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Thus, Fenton’s oxidation was conducted on wastewater without a previous precipitation of 
the metals. This process configuration favours the elimination of a pH adjustment step since 
the laboratory wastewater is highly acidic (see Tables 1 and 3) and the Fenton’s reaction is 
also conducted under acidic conditions, with the raise of pH to 8 at the end of the process. 
Fenton’s oxidation conducted under different conditions suggests that the presence of others 
metals do not interfere in the efficiency of oxidation of organic compounds by the Fenton’s 
reagent.  
Bidga (1995) describes the Fenton method as a process divided into four stages. First, pH is 
adjusted to low acidity, at pH value of 3–5. In this study, it was adjusted to optimum pH 
(pH=4). Then, main oxidation reaction takes place. The wastewater is then neutralized at pH 
of 7-8 and finally precipitation occurs. In this study pH=8 was adopted in order to favour 
the precipitation of metal species as hydroxides. Wastewater characteristics at different 
process stages are presented in Table 2.  
During the Fenton oxidation process and, mainly, during the pH adjustment to 8, a large 
amount of flocks of various sizes in the wastewater were observed. According to Walling & 
Kato (1971), the small flocs were ferric hydroxo complexes formed by complex chain 
reactions of ferrous and hydroxide ions. After a period of natural sedimentation (about 15 
hours), all flocs settled out in wastewater forming a catalytic sludge, whose volume is also 
presented in Table 2.  
The supernatant separated by decantation revealed that the Fenton´s reagent oxidation was 
efficient in degrading organic matter in both samples, reaching 89.7 and 78.5% COD 
removal in samples 1 and 2, respectively. Moreover, the total phenols presence was not 
detected after the application of Fenton´s reagent. Moreover, the treated liquor under the 
optimized conditions showed Fe concentrations up to 4.4 mg/L. Thus, the Fe concentration 
could be kept below 15 mg/L, which is the maximum value for Fe concentration in disposed 
effluents imposed by CONAMA (Brazilian National Environmental Council) standards 
(CONAMA, 2008). 
It is worth mentioning that great amount of NaOH were necessary to raise the pH from 
below 1 to 2. From this point on, the pH showed to be more sensitive to the sequential 
addition of NaOH solution. As a consequence, the effluent presented a high sodium 
concentration that increases with the raise of pH (see Table 3).  
Regarding the sulfate content, the raw wastewater at pH 4 presented an initial sulfate 
concentration of 142 and 151 g/L for samples 1 and 2, respectively (see Table 3). Because 
sulfuric acid and sodium hydroxide solutions were used for pH adjustments, and ferrous 
sulfate was used as a catalyst in the Fenton’s process, further amounts of sulfate resulted 
from the wastewater oxidation. Thus, the sulfate concentration still remained extremely 
high at the end of the process, reaching 152 and 164 g/L for samples 1 and 2, respectively. 
Although the Brazilian legislation does not directly limit its concentration for effluent 
discharge, the CONAMA Resolution No. 357 (CONAMA/2005) states that effluents must 
not give to the receiving waters characteristics different from those used in their 
classification. This resolution does not include the sulfate concentration as a parameter to be 
monitored, probably due to the fact that the damage caused by sulfate emissions is not 
direct, since sulfate is a chemically inert, non-volatile, and non-toxic compound. However, 
high sulfate concentrations can unbalance the natural sulfur cycle (Silva et al., 2002; Lens et 
al., 1998). The accumulation of sulfate rich sediments in lakes, rivers and seas may cause the 
release of toxic sulfides that can provoke damages to the environment (Ghigliazza et al., 
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2000). In addition, the release of sulfate-rich wastewaters in sewage systems may cause the 
inhibition or even the collapse of the biological treatment system. Thus, a post treatment 
system is required to bring the sulfate levels of the treated wastewater to values that are less 
than the maximum allowable limit set by the local regulatory authority (1000 mg/L) in 
order to allow its discharged directly to the municipal biological treatment facilities.  
Regarding the metal content, the Fenton’s reagent process presented as a side effect the 
removal of certain elements, such as chromium (up to 99.4%) and aluminum (up to 73.1%).  
Fu et al. (2009) studied the removal of heavy metal ions in metal–EDTA complexes by 
Fenton and Fenton-like reaction followed by hydroxide precipitation, and achieved high 
removal efficiencies while conventional technologies, such as hydroxide, sulfide and 
dithiocarbamate-type precipitants could hardly work for it. Although Fenton-like process 
presented higher efficiency than Fenton process, at optimal operation conditions ([H2O2]0 = 
141 mM, [Fe2+]0 = 1.0 mM, [Fe3+]0 = 1.0 mM, initial pH 3.0 and precipitation pH 11.0), the 
removal efficiency of Ni(II) were above 92% for the two systems.  
Mahiroglu et al. (2009) investigated the treatability of combined acid mine drainage 
(AMD)—Flotation circuit effluents from copper mine via Fenton’s process and pointed out 
that heavy metals in the AMD could also be reduced to very low levels via Fenton reactions 
by taking part in oxidation steps. 
Despite the results, the heavy metals content in the treated liquor still exceeded the 
maximum allowable limits for effluent discharge according to the CONAMA Resolution No. 
397 (CONAMA/2008), especially for mercury, lead, chromium and silver, whose limit for 
disposal are 0.01, 0.5, 0.5 and 0.1 mg/L, respectively This stresses the need for an additional 
treatment for the removal of the remaining heavy metals prior to discharge to the 
environment. 
Finally, the application of the Fenton’s reagent in the destruction of organic compounds in 
mixed waste chemicals generated a dark brown slurry phase mainly constituted by heavy 
metals-Fe(III)-iron sludge, with a formation of 267 mL of sludge per liter of oxidized 
wastewater. This slurry phase presented a percentage of total suspended solids between 2.4 
and 2.5% (w/w).  
Thus, the overall result of the waste chemicals treatment by Fenton´s Reagent is the 
production of an aqueous solution with a substantially lower total carbonaceous load. 
However, the treated liquor still presented levels of heavy metals and sulfate that were too 
high to meet discharge standards. Thus, the Fenton’s reagent cannot be applied as a stand-
alone treatment option, but it can be used in combination with other treatment techniques. 
Finally, it is noteworthy that a potentially hazardous solid residue is obtained as a by-
product of the Fenton’s treatment. Hence, it is important to characterize this material for 
proper waste management, satisfying environmental and health related criteria.  
As a first approach to characterize the solids originating from the Fenton´s process, this 
study focused on identifying the metals present in the residues, on their crystal structure, on 
the specific chemical bond in which electrons are delocalized and mobile, and on their 
magnetic properties. As a second approach, and in order to complement the physical 
characterization of the residues, leaching tests were also performed in order to obtain correct 
predictions of elements possible mobilization process in the environment. 
The results of metals determination in these residues (Table 4) showed that the predominant 
metals are silver, chromium, mercury and iron. The main source of the first three ones is 
COD analysis. Iron is mainly a result of the Fenton’s process, once it is used as a catalyst of 
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the reaction and undergoes precipitation after oxidation. Regarding cadmium, the results of 
effluent characterization (Table 3) showed that sample 1 presented an initial concentration 
of 0.3 mg/L, which was kept constant after the equalization and oxidation stages of effluent 
treatment. In consequence, this element was not detected in the originating residue from the 
Fenton’s process (Residue 1). 
 

Metal Residue 1 Residue 2 
Ag 30157.1 38678.3 
Al 2184.5 362.0 
Ca 1827.7 1839.4 
Cd ND 480.0 
Co 61.2 50.2 
Cr 20747.2 28395.0 
Cu 210.0 538.8 
Fe 400065.2 324171.4 
Hg 70430.1 96926.7 
Mn 221.7 282.6 
Ni 49.8 36.4 
Pb 57.2 11.3 
Zn 96.3 50.1 

Table 4. Total element determinations (mg/kg) in samples (N.D.: not detected). 

Fig. 1 shows the X-ray diffractograms obtained for the studied residues. This figure shows 

that the amorphous phase is predominant in the material. Besides the amorphous material 

identified as 2-line ferrihydrite (Cornell & Schuwertmann, 1996), the presence of the 

crystalline phases HgCl (calomel) and AgCl (chlorargyrite) was identified in both residues. 

The three solid phases detected by X-ray diffraction are also the ones that present the 

highest concentration considering the total metal content presented in Table 3. Although the 

studied residues were produced by the oxidation of mixed laboratory wastewaters 

generated in different periods, they present similar characteristics. 

The knowledge of the total concentration of metals in residues of Fenton´s process is, 

however, not enough to evaluate their environmental impact. Addressing the chemical form 

of the element instead of the total trace element concentration renders the information 

gained through careful analysis much more valuable (Cornelis & Nordberg, 2007). The 

mobility of trace metals, as well as their bioavailability and related ecotoxicity to plants, 

depends strongly on their specific chemical forms or ways of binding (Quevauviller et al., 

1997). Consequently, it is necessary to determine the solubility of these metals, which 

depends on the way of their association in residue. 

Generally speaking, the sequential extraction of trace elements adopted in this study uses a 

series of chemical reagents, each time stronger, under specific conditions, to dissolve one or 

more specific phases from the solid sample, while preserving others. In the extract it is 

possible to speciate elements solubilised during the dissolution. By studying the distribution 

of the metals between the different phases, their contamination risks can be ascertained, 

because it is possible to divide a specific metal into fractions of increasing stability. 

Thus, in order to study the distribution of the metals in residues and the phases to which 

they are bound, a sequential extraction procedure was designed based on the characteristics 
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of the Fenton’s process as well as on the analysis of the X-ray diffractograms presented in 
Fig. 1. In this procedure, the total metal content is divided into four fractions of increasing 
stability: exchangeable (Fraction 1), amorphous iron oxide (Fraction 2), crystalline iron oxide 
(Fraction 3), and inert or residual (Fraction 4). The solubility of the metals in the residues can 
be associated with their extraction, decreasing in the order of extraction sequence. In this 
sense, samples with a higher metal content in Fraction 1 will be potentially more dangerous 
than those that present a lower content in this fraction. 
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Fig. 1. X-ray diffractograms of the residue of Fenton’s process: (a) Residue 1 and  
(b) Residue 2. 

Metals extracted in Fraction 1 (exchangeable) correspond to those weakly absorbed, in 
particular to those retained in the residue surface with a weak electrostatic force. Changes in 
water ionic composition greatly affect the sorption–desorption processes of this fraction. 
Fraction 2 contains metals bound to amorphous iron oxide and corresponds to the reactive 
part of the iron compounds of the residues. Fraction 3 contains metals bound to crystalline 
iron oxide. This extraction favours the preferential orientation of remaining metals when 
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submitted to X-ray diffractometry. Fraction 4 (inert or residual) contains primary and 
secondary minerals, mostly silicates, titanium and aluminum oxides, which can retain 
metals in their crystalline structure, removed from the laboratory wastewaters. These 
minerals are not expected to be released in a reasonable space of time in nature’s normal 
conditions. Metals of this fraction are chemically stable and biologically inactive. 
Fig. 2 shows the weight loss of the sample after each stage of the sequential extraction 
method adopted. As can be seen, the last two phases of the sequential extraction (crystalline 
iron oxide and residual), the less reactive fraction of the residues, represent only a small 
percentage in mass, about 11.2 and 16.6% for Residues 1 and 2, respectively. In fact, the 
residues originating from the Fenton’s process is mainly constituted of amorphous material 
(over 80%) and most metals are co-precipitated to this fraction. 
 

Exchangeable
2,8%

OxFe-A
85,9%

OxFe-C
3,9%

Residual
7,3% Exchangeable

3,3%

OxFe-A
80,1%

OxFe-C
5,5%

Residual
11,1%

 
(a)     (b) 

Fig. 2. Mass fractionation (% in mass) of Residues 1 (a) and 2 (b). Exchangeable, amorphous 
iron oxide (OxFe-A), crystalline iron oxide (OxFe-C), and final residual. 

Table 5 presents the results of metals concentration in the different fractions of the studied 
residues. Fig. 3 shows the metal partitioning, in percentage of the total amount, found in the 
residues fractions. As can be seen, the sum of the four fractions (Table 5) is reasonably 
similar to the total contents obtained after digestion of the original samples (Table 4), 
indicating that no significant loss occurred during the sequential dissolution procedures, 
with recoveries of 96–100% in all cases. Thus, it is reasonable to assume that the dissolution 
procedure adopted was reliable for metals partitioning, increasing the confidence of the 
obtained data.  
Several elements were detected in Fraction 1 (exchangeable), such as silver (0.2%), 
chromium (0.1%), copper (3.8%), iron (0.004%) and mercury (20.5%) of Residue 1; silver 
(0.1%), cadmium (5.2%), chromium (1.1%), copper (1.1%), iron (0.01%), mercury (31.6%) and 
zinc (0.2%) of Residue 2. These metals were associated to soluble salts as chlorites or 
sulfates, or simply absorbed to the residues surface. 
Generally, both studied residues presented a similar distribution of metals at the different 
fractions obtained by the sequential dissolution procedure employed. Fig. 3 shows the 
chemical fractionation of each residue. With regard to silver, this element was mainly 
associated to the residual fraction of both residues (over 97% extraction). Elements like 
aluminum, calcium, cobalt, chromium, iron, manganese, nickel and zinc were 
predominantly found in the amorphous phase of both residues. In the case of cadmium, 
which was detected only in Residue 2, 86.9% of the total was found in the amorphous phase 
and only 6.8% was found in the most stable phases, which means in the crystalline iron 
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oxide and residual phases. With regard to mercury, besides the exchangeable phase 
previously mentioned, 21.7 and 14.8% were found in the amorphous phase, 0.2 and 0.02% in 
the crystalline fraction and 53.5 and 49.8% in final residual, in Residues 1 and 2, respectively. 
In Residue 1, lead was found predominantly in the amorphous phase, representing 73.1% of 
the total content, and the remaining content was distributed between the crystalline (7.4%) 
and residual (19.3%) fractions. In Residue 2, though, lead was mainly associated with the 
residual fraction (99.7%); its availability was therefore low since most of it was in the 
insoluble form. 
 

Sample Metal Exchangeable OxFe-A OxFe-C Residual Sum % Recovery 

 Ag 75.0 35.1 107.0 29344.0 29561.1 98.0 
 Al N.D. 2051.4 68.6 56.4 2176.4 99.6 
 Ca N.D. 1739.3 16.6 64.6 1820.5 99.6 
 Cd N.D. N.D. N.D. N.D. 0.0 - 
 Co N.D. 57 2.6 1.5 61.1 99.9 
 Cr 28.5 19195.5 1122.5 318.0 20664.5 99.6 

Residue 1 Cu 7.9 190.9 0.3 6.2 205.3 97.7 
 Fe 15.7 370959.6 19230.1 8634.0 398839.4 99.7 
 Hg 14450.1 15263.0 140.0 37688.3 67541.4 95.9 
 Mn N.D. 210.2 6.5 4.0 220.7 99.5 
 Ni N.D. 45.6 1.3 1.2 48.1 96.7 
 Pb N.D. 41.9 4.3 11.1 57.3 99.9 
 Zn N.D. 75.4 N.D. 20.2 95.6 99.3 

        

 Ag 9.7 4.9 12.4 38571.0 38598.0 99.8 

 Al N.D. 323.8 5.8 29.1 358.7 99.1 

 Ca N.D. 1467.2 287.9 82.9 1838.0 99.9 

 Cd 25.1 417.0 12.0 20.3 474.4 98.8 

 Co N.D. 42.5 5.3 0.7 48.5 96.7 

 Cr 310.1 26745.1 725.6 145.6 27926.4 98.3 

Residue 2 Cu 5.6 529.6 0.1 3.2 538.5 100.0 

 Fe 19.9 315243.4 4616.7 2934.5 322814.5 99.6 

 Hg 30648.7 14296.5 23.6 48263.1 93231.9 96.2 

 Mn N.D. 273.1 2.4 0.4 275.9 97.7 

 Ni N.D. 33.7 1.3 0.8 35.8 98.5 

 Pb N.D. N.D. N.D. 11.2 11.2 99.7 

 Zn 0.1 40.8 N.D. 7.9 48.8 97.3 

Table 5. Metals concentration (mg/kg) in the different fractions (exchangeable, amorphous 

iron oxide (OxFe-A), crystalline iron oxide (OxFe-C), and final residual) of the studied 

residues (N.D.: not detected). 
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Fig. 3. Chemical fractionation of solids originating from the Fenton’s process: (a) Residue 1 
and (b) Residue 2. Exchangeable, amorphous iron oxide (OxFe-A), crystalline iron oxide 
(OxFe-C), and final residual. 

Figs. 4 and 5 show the X-ray diffractograms of the studied residues. Fig. 6 shows the 

differential X-ray diffractograms for the amorphous phase of Residues 1 and 2. 
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Fig. 4. X-ray diffractograms for the different fractions of Residue 1. (a) After exchangeable 
extraction; (b) after amorphous iron oxide extraction and (c) after crystalline iron oxide 
extraction. 
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Fig. 5. X-ray diffractograms for the different fractions of Residue 2. (a) After exchangeable 
extraction; (b) after amorphous iron oxide extraction and (c) after crystalline iron oxide 
extraction. 
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Fig. 6. Differential X-ray diffractograms for the amorphous phase and in the presence of 
HgCl: (a) Residue 1 and (b) Residue 2. 

The position and intensity of diffraction planes indicate that there are no differences 
between the two solid samples. Therefore, although the wastewater samples were generated 
in distinct periods of time, their differences in chemical composition did not affect the 
mineralogical phases present in the solids resulting from their treatment by Fenton’s 
reactions. From the interpretation of the main diffraction planes observed in the 
diffractograms, it was possible to identify the most likely compounds related to them. The 
solid residues originated from the Fenton’s process presented a typical profile of material 
constituted predominantly by amorphous phase (2-line ferrihydrite (Schwertmann et al., 
1982)), and silver and mercury compounds with well-defined crystalline structure were 
identified as chlorargyrite and calomel, respectively. The residual or inert fraction of the 
residues presented characteristics of a metallic league, formed mostly by elementary silver 
and mercury with minor amounts of other metals (Table 5). The Fenton’s residues were 
originally brown, and did not exhibit detectable magnetic properties by the presence of a 
magnetic field, and a black coloured residual was obtained at the end of the sequential 
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extraction procedure. The diffractograms in Fig. 6 present the amorphous phase of the 
studied residues with the presence of calomel, obtained by the subtraction of difractograms 
intensities of original samples (Fig. 1a and b) and of residues obtained after amorphous 
phase extraction (Figs. 4b and 5b). Therefore, differently to that observed for soils, acid 
ammonium oxalate extracted a portion of poorly crystalline crystals of calomel, besides most 
iron associated to 2-line ferrihydrite. The use of dithionite at the crystalline iron extraction 
was capable of reducing remaining mercury and silver of the selective dissolution procedure 
and formed a metallic league that presents diffraction planes of Ag and Ag2Hg3. 
From the results of the selective dissolution, the solids originated from the Fenton’s process 
are not stable, being composed fundamentally by high toxicity metals like chromium and 
mercury. Hence, the results suggest that leaching of metals into the environment can occur 
even under mild environmental conditions.  
Finally, Table 6 presents the results of metal leachability for both studied residues 
determined by ABNT-NBR 10005 method (ABNT, 1987a). For comparative purposes, the 
same table shows the maximum levels of heavy metals allowed in Brazilian non-hazardous 
wastes (ABNT, 1987b). Based on the obtained chemical analytical results and on the 
classificatory procedure proposed by ABNT-NBR 10004 (ABNT, 1987b), the solid residues 
from the Fenton’s process can be classified as Class I—hazardous. Both residues are 
characterized as toxic TL (leaking test). Residue 1 received the identification codes D009 and 
D011, due to its mean metal concentration above the maxima permitted for total chromium 
and mercury, and Residue 2, D007, D009 and D011 due to its cadmium, total chromium and 
mercury concentration, respectively. 
 

Metals Element 
code 

Residue 1 Residue 2 Limits* 

Cd D007 N.D. 0.8 0.5 
Pb D008 N.D. N.D. 5.0 
Cr D009 13.6 18.4 5.0 
Hg D011 49.8 243.1 0.1 
Ag D012 0.2 0.2 5.0 

* Identification codes and maximum established limits according to ABNT-NBR 10004 (ABNT, 1987b). 

Table 6. Results of metals leachability (mg/L) for both studied residues (N.D.: not detected). 

Thus, the obtained results indicate a great potential for soil, surface and underground 
waters contamination by heavy metals (chromium, cadmium and mercury), if the residues 
originated from the Fenton’s process are disposed of improperly. A stabilization process of 
the residues is necessary prior to their disposal in the environment. Furthermore, the results 
indicated a high potential of silver and mercury recovery, which represent a large part of the 
studied residues. 

5. Conclusion 

Chemical oxidation using Fenton’s reagent under optimum conditions has proven to be a 
viable alternative to the oxidative destruction of organic pollutants in mixed waste 
chemicals, with a COD removal of 89.7 e 78.5% in samples 1 and 2, respectively. Moreover, 
total phenols were not detected in the treated liquor. However, the reported results also 
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indicated that no single technology could be applied to mixed waste chemicals as a stand-
alone treatment option once the concentration of certain inorganic constituents, such as 
heavy metals and sulfate, still remained high for effluent discharge. 
Regarding to the Fenton’s residues, they were classified as hazardous according to Brazilian 
waste regulations. The application of the sequential dissolution procedure indicated that the 
metals in the Fenton’s residues are mainly constituted of amorphous material (over 80%). 
Furthermore, the reactive fractions of the residues (exchangeable and amorphous iron oxide 
fractions) retain most of remaining metals. Therefore, the Fenton’s residues present great 
potential for environmental contamination, and require an administration system and 
control of their final disposal. However, Fenton’s residues present great potential for silver 
and mercury recovery, since these elements represent a great portion of the studied 
residues. 
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