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Abgtract. Characterizing and establishing a treatment process for practical and economic disposal of laboratory wastewaters has
become an urgent environmental concern of the Department of Chemical Engineering of the Sate University d Maringa — Brazl.
The studies initiated at the Control Pollution Laboratory, whose wastes has been packaged and later on characterized. These wastes
showed to have seasonal characteristics according to laboratory work. During the period of June-September of 2001, the main
characterigtics of these wastes were pH<1, total phenols of 785 mg/L and chemical oxygen demand (COD) of 4363 mg O,/L and
those during the period of August-September were pH<1, total phenols of 28 mg/L and COD of 2847 mg O,L. Fenton and related
reactions are potentially useful oxidation processes for destroying toxic organics compounds in water. In these reactions, hydrogen
peroxide (H,0O,) is combined with ferrous or ferric iron (Fe* or Fe®) in the presence or absence of light to generate hydroxyl
radicals (OH-). This study investigated the feasibility of Fenton system (Fe&*/H,O,) at room temperature to treat laboratory
wagtewaters. The ratio of [phenol]:[H,0,], [H,0,]:[Fe*] and pH were s&t as variables. Percent of total phenols removal was
investigated as a response. A response surface technique was used with the aim of searching the optimum condition for the ratio
[phenol]:[H,0,]:[Fe#*] and pH for the Fenton process.

Keywords Fenton's reagent, laboratory wastewater, characterizatio n, oxidation.
1. Introduction

In the last years the worldwide understanding of a need of an effective treatment or an appropriate disposd of any
type of resdues has grown in chemicd indudries, academicds inditutions and governmentd organs (Amard et d.,
2001). The waste, that is generated during the Control Pollution Laboratory operetions of the Department of Chemical
Enginering of the State Universty of Maringd — Brazil, has been held for many years at the laboratory ste until
acceptable modes of digposa are developed. Because of the lack of gpecific legidation to regulate the treatment of
waste chemicals, this was a common stuation in many Brazilian inditutions, as in the Chemistry Department of the
Federa University of Parana (Cunha, 2001).

Weadgte chemicds from academic laboratories are generated fundamentaly by smal amounts of different wastes
(National Research Council - U.S, 1995). These wastes are condiituted of great diversity of substances, including new
compounds of unknown toicity (Micaroni et d., 2002). The ultimate destination of waste is usudly a trestment,
sorage, and disposa facility. The characteristics that involve theses resdues do not dlow a unique solution. According
to Nationd Research Council - U.S. (1995), the trestment of these wastes is typicadly via chemicd action or
incineration. In this work, the Fenton oxidation of chemicd andysds wedes is invedtigated as an advanced oxidation
process.

Advanced oxidation processes are based on the generation of very reactive species such as hydroxyl radicd (OH-)
that oxidize a broad range of organic pollutants quickly and non-sdectivdly (Ardan and Bdcioglu, 1999). Fenton's
resgent which involves homogenous reaction and is environmentaly acceptable (Bham and Chambers, 1997), is a
sysdem based on the generation of very reactive oxidizing free radicd, egpecidly hydroxyl radicas which have a
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stronger oxidation potentia than ozone, 2.8 V for OH- and 2.07 V for ozone (Heredia et d., 2001). The classic Fenton's
reection involves the addition of dilute hydrogen peroxide to a degassed, acidic ferrous iron solution, which generates
hydroxyl radicds (Eq. 1). The degradation of organic chemicds by hydroxyl radicds then proceeds via hydroxylation,
hydrogen atom abstraction, or dimerization (Walling, 1975).

H,0, +Fe"2® Fe*3+OH- +OH" )

Some environmenta gpplications of Fenton's reagent involve reaction modifications, including the use of high
concentrations of hydrogen peroxide, the subdiitution of different catdysts such as feric iron and naturdly occurring
iron oxides, and the use of phosphatebuffered media and metd-chdating agents. These conditions, dthough not as
goichiometricaly efficient as the standard Fenton's reections, are often necessary to trest indudrid waste streams and
contaminants in soils and groundwater (BuyUkstnmez et d., 1999).

The main purpose of this work was to examine the feashbility and the efficacy of usng Fenton's resgent as a
treatment method for chemical laboratories wastes. Prior to treatment, the laboratory wastes were characterized through
physicochemicd andlysis. This paper illustrates the use of variance andyds and factorid design of experiments to
provide indght into the Fenton oxidation process. That is the dgnificance of the effect of three main experimenta
vaiables, ratio of [phend]:[H 0], [H202]:[Fe2+] and pH, on the percent of totd phenols remova, which has been
sdected as arepresentative parameter of process efficiency.

2. Materialsand Methods
2.1 Laboratory Effluent Char acterization

All chemicd andyss resdues generated in the laboratory were retained in cdealy marked containers and their
source was defined in a notebook record. Laer on they were characterized in terms of pH, chemicd oxygen demand
(COD), tota phenols, red and apparent colors, turbidity, settlesble solids (Imhoff cone) and metas content (Cu, Fe, Zn,
Al, Co, Cr, Mn, Mg, K and Ca).

2.2. Experimental Pr ocedure

Woadgtewater generated during July-September/2001 from the chemicd laboratory were collected and mixed to
obtain acomposite sample that was used in the experiments of Fenton oxidation.

Prior to the experiments, the pH was adjusted to the desired vaue usng NH4OH (30%). A 1IN FeSO4.7H20 stock
solution was prepared and dandardized (Pavan et d., 1992) just before the experiments H202 (~33% w/w) was
dandardized usng permanganate titration (Voge, 1992) and directly transferred from the origind bottle to the reaction
mixture.

Experiments were carried out in 250 ml beskers. The reaction mixture consisted of laboratory effluent without
solids separation in a find volume of 150 ml. The effluent was continuousy mixed (100 rpm) in a jar test gpparatus at
room temperature (23:2°C). The wastewater samples were centrifuged a 2500 rpm by 5 minutes and the initid
concentration of tota phenols in supernatant (So) was measured. The required amount of reagents was then determined.
The definite volume of Fe&SOs was first added to the reaction mixture. The Fenton reaction was then initiated by
sequential addition of the required amount of HO,, in three steps of equa volumes added in intervals of 20 minutes, to
moderate the rise in temperature that occurs as the reection proceeds. The Fenton reaction time was initigted by the
addition of the first required amount of H)O, to the reaction mixture. There was no pH control throughout the oxidation
process. After reactions have completed (4h), precipitation of the oxidized iron as Fe(OH) was performed by adjusting
the pH to 8.0 and then about 20 h of clarification at quiescent conditions. Find samples of supernatant were taken for
total phenols measurements (S). Control experiments were done in the disence of both Fé" and HO,. All experiments
including controls were performed in duplicate.

The percent of total phenols remova was then determined through the following equation:

So- S
h= *100 2
( S ) @

2.3. Experimental Design

Fenton oxidation experiments were based on a factorid design usng a response surface technique, as outlined by
Werkema and Aguiar (1996) and Kuehl (2000), to decreasse the number of experiments while increesing the datidtica
sgnificance of the results. Table 1 shows the levels of factors used in this experiment. The percent of tota phenols
removal, obtained in Eq. 2, was the response measured.

Frequently, the initiad estimate of the optimum operating conditions for the system will be far from the actud
optimum. In such circumstances, the experimenter's objective is to move rapidly to the general vicinity of the optimum,
based on asmple and economically efficient experimenta procedure (Montgomery, 1993).
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According to Werkema and Aguiar (1996), the response surface technique is a sequentid procedure that includes
the fallowing steps: (1) relate the factors that might affect an interest response variable, (2) plan an experiment that can
identify the influent factors among those relaed in (1); (3) diminate the factors detected as non-influent a the former
sep and evauate the need of including new factors in the study; (4) carry out a more detailed experiment, involving
only the dgnificant effects over the regponse variable; (5) based on the adjusted mode obtained in (4), normaly
presented as a first order modd, accomplish anadlyses that will alow the determination of the optimum operating
conditions for the system; (6) wak sequentiadly to the genera vicinity of the optimum; (7) adjust an advanced order
mode in the vicinity of the optimum that will alow the determination of the optimum operating conditions for the
system.

According to Annadurai et d. (2002), the advantages of this method are (1) dl experimentd units are used in
evaduding effects, resulting in the mogt efficient use of resources, (2) the effects are evduated over a wider range of
conditions with the minimum of resources, (3) a factorid set of trestments is optimized for estimating main effects and
interactions.

The design matrix that indicates the combination of factor levels to be tested is shown in Tab. 2. This design
involves 14 tests, based on a 2° factorid augmented by six center points. Repested observations at the center were used
to estimae the experimentd error. The design was centered a the optimum condition for the Fenton process: ratio of
[H207] :[Fé*] =6:1 wiw, according to Tang and Huang (1996); and pH=3.5, according to Bishop et d. (1968).

Table 1. Factors and levelsfor the optimization experiment

Factor Notation Levd i
Low () Center (0) High(+)
[phenal]:[H04] X1 1:20 1:60 1:100
[H0,]:[F€] X2 21 6:1 101
pH X3 2 35 5
Table 2. Experimenta design and results of the Fenton oxidation of laboratory effluent
Natura Varigble Coded Variable | % total phenolsremova Design
Expt no. | [phenol]:[H202] [H20];[F€'] iniid pH| X1 X2 X3 Y1 Y2 location
1 1.20 2:1 2 - - - 814 816
2 1:20 21 5 - - + 85.9 854
3 1.20 101 2 - + - 156 125
4 1.20 101 5 - + + 69.9 703 Fectorid
5 1:100 2:1 2 + - - 87.2 875 design
6 1:100 21 5 + - + 0.3 89.2
7 1:100 101 2 + + - 834 832
8 1:100 101 5 + + + 858 85.8
9 1:60 6:1 35 0 0 0 841 841
10 1:60 6:1 35 0 0 0 840 851
1 1:60 6:1 35 0 0 0 845 847 Center
12 1:60 6:1 35 0 0 0 834 835
13 1:60 6:1 35 0 0 0 84.3 84.9
14 1:60 6:1 35 0 0 0 845 844

2.4. Analytical Methods

Messurements of chemicd oxygen demand (COD), pH and settlesble solids (Imhoff cone, t=24h) followed
Standard Methods (APHA, 1998). Totd phenols were measured according to the colorimetric method of Folin-
Ciocaulteu reagent (Scabet e d. 1989). Red and apparent colors and turbidity were measured by an andytica
method developed by HACH Company. Meta concentrations (Cu, Fe, Zn, Al, Co, Cr, Mg, Ca, K and Mn) were
determined in the filtrate by atomic absorption spectroscopy (Varian SpectrAA— 10 Plus).

3. Resultsand Discussion
The main characteristics of wastewater produced by the chemicd laboratory during the period of study are listed in

Tab. 3 and 4. These wastes showed to have seasona characteristics according to laboratory work. These wastes were
collected and mixed to obtain a composite sample that was used for the experiments of Fenton oxidation.
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Table 3. Main characterigtics of wastewater from chemical laboratory

Period pH Apparent color | Red color | Turbidity | Settlesble solids COD Total phenols
(Pt/Co) (Pt/Co) (FAU) (mi/L) (mg O.L) (mg/L)

Jul. to Aug. <1 7650 1200 1350 96.0 4363 784.6

Aug. to Sep. <1 8350 320 2900 4.3 2847 279

Table 4. Meta concentrations on wastewater from chemical laboratory

Period Fe Cr Cu Zn Co Al Na Mn Mg Ca K
(mgl) (mgl) | (mgl) | (mgl) | (mgll) | (mdL) | (mgll) | (mglL) | (mg/L) | (mglL) | (mglL)

Jul. to Aug. 25 589.6 10 2.9 0.9 272 | 2266 | 01 23 49 224

Aug. to Sep. 04 3820 31 04 0.1 162 | 31630 | 00 06 224 | 3804

A datidical analysis software package (SAS Inditute, Inc., Cary, N.C. — versgon 6.12) was used to andyze the
results, provide estimated percent of tota phenols remova on a first order modd fit to the data (Tab. 2), and provide the
next steps to generate response surface plots.

Theandlysis of variance (Tab. 5) indicates that the model can be satisfactorily used (R? = 0.9991, Pvdue<a).

Table5. Andysis of variance

Source Degree of freedom Sum of square Mean square Fvaue P>F
Model 8 953134 119142 2641.67 0.0001
Error 19 857 0.45

Corrected tota 27 9539.91

R”=0.9991

Mean percentage of total phenolsremova=78.8
Leve of confidence (a)=0.05

The andlyss of variance for main factors and interactions (Tab. 6) indicates that the main effects of the variables
X1, X2 and X3 are dgnificant (Rvaor<a). Furthermore, there is a sgnificant interaction between the variables X1, X2
and X3 (Rvdor<a). Thus, al factors (ratio of [phenol]:[H,0;], [H.OJ]:[F€*] and pH) significantly affect the efficiency
of total phenolsremovd.

Table 6. Analysis of variance for factors and interactions

Run Degree of freedom Sum of square Mean square Fvaue P>F
X1 =[phenol]:[H202] 2 2884.01 1442.00 3197.28 0.0001
X2 = [H207]:[F€"] 1 2070.25 2070.25 4590.27 0.0001
X3=pH 1 105951 1059.50 2349.18 0.0001
X1.X2 1 1406.25 1406.25 3118.01 0.0001
X1.X3 1 764.52 764.52 1695.14 0.0001
X2.X3 1 676.00 676.00 1498.86 0.0001
X1.X2.X3 1 670.81 670.81 1487.35 0.0001

Leve of confidence (@ )=0.05

According to Tukey's teg, there is a difference between the means of the two levels of the factors X1, X2 and X3.
Table 7 shows the estimated effects of the three main factors and their interaction on the percent of totd phenols
removd.

Table 7. Estimated effects from a2 factorial design augmented by six center points

Effects Estimated effect + standard error
Mean 78.804 + 0.1269
X1 = [phendl]:[H ,0,] 23.725+0.2533
X2 =[HO4:[Fe™] - 22750 + 0.2538
X3=pH 16.275 + 0.2538
X1.X2 18.750 + 0.2538
X1.X3 - 13825+ 0.2538
X2.X3 13.000 + 0.2538
X1.X2.X3 - 12950 + 0.2538
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Figure 1 shows the effect of factor levels on the totd phenols remova efficiency. As can be seen in Fig. 1, a change
in the levds of each factor produces a different variation in the process efficiency. An increese on the ratio of
[phenol]:[H,0O,] from 1:20 to 1:100 caused an increase in process efficiency of 23.7%. The same can be observed on the
pH, on which an increase from 2 to 5 caused an increase in process efficiency of 16.2%. On the other hand, an incresse
on the ratio of [H,0,]:[F€'] from 2:1 to 10:1 decreased the process efficiency in 22.8%. Thus, consdering that the
mode is suitable, the maximum efficiency of tota phenols was obtained for the following combination of factor levels:
(+ - +), or, X1 (ratio [phenol]:[H ,0,]), 1:100; X2 (ratio [H ,0,]:[F€"]), 2:1; and X3 (pH), 5.
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Figure 1. Effect of the factor levels on the percentage of total phenols remova mean response.

The results showed that the efficiency of the iron/peroxide systems incressed with higher Fé* and H.O,
concentrations. In previous works (Benatti et d., 2002), no treatment of the laboratory effluent was observed when low
concentrations of peroxide were added to the wastewater (ratio phenol:H 202<1:20 wiw).

The iron/peroxide systems dso showed to be pH sendtive, and acidic conditions were necessary for iron solubility.
Vela and Munder (1993) usd Fé"H 0, for the degradation of phenolic compounds in water. Again, acidic conditions
(pH=4) were used. Kwon et a. (1999) showed in their study that the decomposition of p-chlorophenol by Fenton
oxidation progressed a higher rates a pH 24 and & a pH above 4, the decomposition rate significantly decreased as the
pH was raised. According to Kim and Vogdpohl (1997) apud Kwon et a. (1999) this is probably because the dissolved
fraction of iron species decreases at apH above 4.

In the fectorid design of experiments it is useful to condder the factor response relationship in terms of a
mathematical model such as a response function. Based on Eq. 3, it is possible to fit an adequately regresson mode to
the data and obtain a first order polynomia equaion (Eq. 4), so tha the response a intermediate factor levels can be
predicted.

Y =b0+b1Xl+b2X2+b3X3 +b4X1X2 +b5XlX3+b6X2X3 +b7X1X2X3+e (3)

AN

Y =78.804+11.863X 1 - 11.375X 5 +8.137X 3 +9.375X 1X 5 - 6.913X1X 3 +6.500X X 3 - 6475X ;X 5X 3 (4

The measured and the predicted data are shown in Fig. 2, reveding a reasonably good agreement.
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Figure 2. Measured data againgt predicted vaues from the factorid design 23 induding center points.

The first order response surface, that is, the contours of Y, is a series of pardld lines that indicates the direction in
which Y increases more rapidly. Figures 3 to 5 show the contour curves to the percent of tota phenols removal.
According to Werkema and Aguiar (1996), this direction is pardle to the norma to the fitted response surface It can
be taken as the pah line through the center of the region of interest and normd to the fitted surface. Thus, the steps
dong the path ae proportiond to the regresson coefficients (b) shown in Eq. 4 and based on the experimenter's

experience.
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Figure 5. Contour curves to the percent of total phenols removal in function of the ratio [H,0,]:[Fe?*] and pH.
The new operational condition proposed is represented by the following equation:
(1:60+DX 4, 6+DX 2:1, 354DX3) = (1:60+10, 6-1:1, 3.5+0.5) = (1:70, 5:1, 4.0) ©)

Thus, experiments must be conducted dong this path until no further increase in response is obsarved. Then a new
modd must be fitted in the vicinity of the optimum in order to achieve the optimum operating conditions for the Fenton
oxidation in tregting laboratory effluents.
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4, Conclusions

The overall results of this study showed high potentid for Fenton oxidation to treat complex resdues generated
from chemical laboratories.

The factorid design of experiments for Fenton oxidation of laboratory wastewaters was dudied. The effects of
three factors, the ratio of [phenol]:[H.O;], [H202]:[Ft§+] and pH, on percent of tota phenols remova were identified.
According to the dgnificance effect obtained in variance andyss the ratio [phenol]:[H.O,] was the most significant
factor in this process, followed by the ratio [H;O,]:[Fe*"] and pH. The atistical analysis for each case confirmed that
the polynomid equation (Eg. 4) gave a reasonably good fit. The contour curves to the percent of totd phenols remova
indicated the next stepsfor searching the optimum operating conditions for the process.
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