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Abstract. The interaction effect of eight operating factors
on the degradation of three organic dyes of different struc-
tures (Cibacron green, methylene blue and methyl orange)
has been studied. Effect had been evaluated statistically
using the Plackett-Burman screening design which ex-
tracted valuable information on the most important pa-
rameters and their interactions. The goodness of the model
fit was checked by the determination of the coefficient R>.
The process factors, which affected the degradation effi-
ciency of dyes, were then analyzed and illustrated; the
most important valuei (p and F) for three dyes proved the
validity of the model. The results of interactions between
the factors allow to understand and study the impact of
each parameter on the elimination of dyes and to distin-
guish the key factor to upgrade the efficiency of the Fen-
ton process.

Keywords: Fenton oxidation, dyes removal, water treat-
ment, design of experiment, ANOVA analysis.

1. Introduction

The drainage of industrial effluents in textile, tan-
nery or printing factories often presents a polluting dis-
charge that is difficult to biodegrade. The conventional
treatments currently used are not very reliable and no
longer meet the requirements of environmental protection.
Over the past two decades, advanced oxidation treatment
has proven to be a promising new technology for the deg-
radation of many toxic and poorly biodegradable organic
pollutants.

The Fenton reaction, which involves hydroxyl
radicals as the primary oxidants, is one of the most useful
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oxidation processes that can effectively degrade various
substrates. Although more than a century Henry JH Fen-
ton'? discovered the oxidation of polyhydric alcohols and
organic acids during the reaction between Fe(Il) and
H,0,; it is only in recent decades that much more re-
searches have been carried out so far on the Fez+/HzOz
system, whether at the level of the interaction mecha-
nism™* or at the level of applications in the oxidation sys-
tem of organic pollutants in an aqueous medium,”” as well
as for different types of water: drinking water,® explosives
discharges.”'® The main advantage of the Fenton treat-
ment is the complete destruction of contaminants into
harmless compounds such as carbon dioxide, water and
inorganic salts. The Fenton reaction causes the oxidant
dissociation and the formation of highly reactive hyd-
roxyl radicals ("OH) which attack and destroy organic
pollutants."'

Depending on the structure of the organic com-
pound, the hydroxyl radical can react with unsaturated
compounds (vinylics and aromatics) more easily and
faster than aliphatic compounds.'>" The classic descrip-
tion of the traditional Fenton treatment is based on three
main reactions (Egs.1-3)."

Fe** + H,0, > Fe'" + 'OH + OH (1)
Fe’* + H,0, — Fe*"+ HOO + H" ()
Fe*'+HOO" — Fe* +0,+H" (3)

Although Fenton oxidation is mostly described by
above-mentioned simple steps (Egs.1-3), the process is
more complex, as it includes many other interactions.
Generally, these processes can be regrouped into initia-
tion, propagation, and termination reactions."

Cibacron green (CG), methylene blue (MB) and
methyl orange (MO) are three dyes found mainly in indus-
trial effluents; The CG is an azo dye which poses a real
problem of water contamination due to the activity of
local industries. According to the literature, its degrada-
tion has been a bit studied. MB is one of the cationic dyes
widely used in the dyeing of several supports, in particular
silk, cotton, wood and for the temporary coloring of pa-
per,'®!" as well as in the chemical, biological and medical
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fields. MO is an azo dye chosen as a representative model
of anionic organic pollutants because it is one of the well-
known weak acids and widely used in the paper, printing,
textile and pharmaceutical industries;'” its modest biode-
gradability has attracted the attention of scientists in the
environmental field. Therefore, the removal of these dyes
from wastewater is necessary for human and environ-
mental health. For many process optimization problems in
industries, the interactions between factors are of great
concern to many researchers, so they must be properly
investigated. The root cause of the problem is sometimes
due to the interaction between the factors rather than the
individual effect of each factor in response.' To specify
the nature of an interaction, it is necessary to determine
the effect of each factor for various conditions of other
factors. However, we have to look for more information
obtained gradually and clearly with a minimum of ex-
periments and with very small errors. The simplest way to
solve this problem is to use a fractional “Plackett-
Burman” factorial design, in which two levels are chosen
for each factor. The combinations of some factors accord-
ing to this design of experiments are then necessary. Thus,
the effect of factors and their interactions, as well as the
mathematical modeling of the response, which is the yield
of degradation of dyes using the Fenton process of ad-
vanced oxidation, make the main objective of this study.

2. Experimental

2.1. Reagents and Experimental
Procedure

The dyes cibacron green CgoH9Cl3N1gNi10,;S7-6Na
(CG), methylene blue CcHsN3CIS (MB), methyl orange
C14H14N3NaO;S (MO), hydrogen peroxide H,O, (30%,
Merck), ferrous sulfate FeSO47H,O (99%, Sigma-
Aldrich), sulfuric acid H,SO4 (97%, Shanghai Chemical
Reagents), HCI (60%, Shanghai Chemical Reagents) and
NaCl (99%. Sigma-Aldrich), were used in this work.

The experimental device consisted of a perfectly
agitated reactor (reactor batch with a capacity of 600 mL),
in which 500 mL of solution was introduced. The aqueous
solutions of dye were prepared using distilled water. The
pH value of the solution was measured by a pH-meter (Ph
7110-inolab-WTW). The agitation was ensured with a

Table 1. Levels and units of eight operating parameters
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mechanical stirrer (Janke& Kunkel RW 20). The dye
discoloration was made by a Fenton's reagent which con-
sisted of FeSO, and H,O, mixture. The concentration of
the dye in the mixture for a reaction time ¢ = 60 min was
found by measuring the absorption intensity at 619 nm for
CG, 664 nm for MB and 472 nm (pH = 4), 500 nm
(pH = 3), 510 nm (pH = 2) for MO. The used cells of the
UV/Visible spectrophotometer “SECOMAM-PRIM”
were in quartz 1 cm thick. H,O, concentration was meas-
ured using the iodide colorimetric method.'*?

The degradation efficiency (Y, %) of dye was de-
termined by Eq. (4):

Y = & .100
CO

where Cyand C; are the initial concentration of dye (mg/L)
at the reaction time ¢ (min).

2.2. The Plackett-Burman Design

4)

2.2.1. Data collection

The Plackett-Burman Design (PBD) of the
MINITAB 16 statistical software was used to screen 08
factors in 24 experimental runs in order to follow the oxi-
dative elimination of CG, MO and MB. This design is one
of the orthogonal column matrices composed only of the
values +1 or -1. The experimental design can be used to
get a valid statistical significance test for the factors exam-
ined with a minimum number of experiments. Just to
consider the factors affecting the response at two levels
(+1 and -1), the initial concentration of dye, Fe** , H,0,
and NaCl, pH, the temperature of the solution, the stirring
speed, the nature of the acid used to acidify the solution
(HCl, H,S0O,) were studied within the experimental limits
of operation, after several preliminary tests. The domain
of each factor of the dyes is shown in Table 1.

The effects of different factors in responses and
their interactions were analyzed using the variance
(ANOVA), this analyzer had included Fisher test (£ test),
it is associated to the probability (p-value) and the coeffi-
cient of determination (R?) which measures the quality of
the model. It consists to identify the significant factors and
their corresponding coefficients, so that factors levels can
be managed. Large F' (>1) and low p-value (<0.05) indi-
cate the good fit of the model to the experimental data.

[Dyelo, | [Fe’'lo, | [H0:)s,

Dyes Level me/L me/L. mg/L pH [NaCl]y, mg/L T,K V, rpm Acid
cG Low (-1) 16.59 223 6.12 2 0 290 0 HCI
High (+1) 73.5 7.26 10.2 4 233.8 318 400 H,S0,
MB Low (-1) 2 0.2 1 2 0 290 0 HCI
High (+1) 10.42 2 14 4 496 318 400 H,SO,
MO Low (-1) 8 2 1 2 0 290 0 HCI
High (+1) 28 6 10 4 496 318 400 H,SO,
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Table 2. Plackett-Burman design matrix of CG discoloration in uncoded units

1 6.12 2.23 73.5 318 400 2 233.8 H,SO, 34.60 45.558
2 102 7.26 73.5 290 400 4 0 H,SO, 86.84 100.000
3 102 2.23 73.5 290 0 2 233.8 H,SO, 76.46 65.567
4 102 2.23 73.5 290 0 2 233.8 H,SO, 76.46 65.567
5 6.12 7.26 73.5 318 0 4 233.8 HCl 84.72 84.608
6 102 7.26 16.54 318 400 2 233.8 HCl 79.27 82.916
7 102 7.26 16.54 318 400 2 233.8 HCl 79.27 82.916
8 6.12 7.26 73.5 318 0 4 233.8 HCI 84.52 84.608
9 102 2.23 16.54 290 400 4 233.8 HCl 79.4 75.839
10 102 7.26 16.54 318 0 2 0 H,SO, 99.14 95.494
11 102 7.26 16.54 318 0 2 0 H,SO, 99.14 95.494
12 102 2.23 73.5 318 0 4 0 HCl 99.46 99.682
13 6.12 2.23 16.54 290 0 2 0 HCI 18.18 32.752
14 6.12 7.26 73.5 290 400 2 0 HCl 60.58 46.053
15 6.12 7.26 16.54 290 0 4 233.8 H,SO, 73.33 73.342
16 102 2.23 16.54 290 400 4 233.8 HCl 79.57 75.839
17 6.12 2.23 16.54 318 400 4 0 H,SO, 79.3 68.407
18 6.12 2.23 16.54 290 0 2 0 HCI 18.27 32.752
19 102 2.23 73.5 318 0 4 0 HCl 99.88 99.682
20 6.12 7.26 73.5 290 400 2 0 HCl 60.58 46.053
21 102 7.26 73.5 290 400 4 0 H,SO, 87.54 100.000
22 6.12 7.26 16.54 290 0 4 233.8 H,SO, 73.33 73.342
23 6.12 2.23 16.54 318 400 4 0 H,SO, 79.3 68.407
24 6.12 2.23 73.5 318 400 2 233.8 H,SO, 34.73 45.558
Table 3. Plackett-Burman design matrix of MO discoloration in un-coded units
1 1 2 6 28 318 0 496 H,SO, 53.16 54.7371
2 1 4 2 8 293 400 496 H,SO, 79.96 78.1179
3 10 4 6 8 318 400 0 H,SO, 93.05 98.4496
4 10 4 2 28 318 0 496 HCI 8.60 11.1654
5 10 2 6 8 293 0 496 H,SO, 64.56 63.3579
6 1 4 6 28 293 400 496 HCl 38.54 40.5621
7 1 2 6 28 318 0 496 H,SO, 53.87 54.7371
8 10 2 6 8 293 0 496 H,SO, 64.60 63.3579
9 1 2 2 28 318 400 0 H,SO, 80.19 79.1529
10 1 4 6 8 318 0 0 HCl 66.07 60.8554
11 10 4 2 28 293 0 0 H,SO, 8.76 6.4496
12 10 2 2 8 318 400 496 HCl 94.82 92.4896
13 10 4 2 28 293 0 0 H,SO, 8.80 6.4496
14 1 4 6 28 293 400 496 HCI 39.09 40.5621
15 1 2 2 8 293 0 0 HCl 44.88 50.1796
16 1 4 2 8 293 400 496 H,SO, 79.77 78.1179
17 10 4 6 8 318 400 0 H,SO, 93.25 98.4496
18 10 2 6 28 293 400 0 HCl 55.48 50.2179
19 1 2 2 8 293 0 0 HCl 44.88 50.1796
20 1 2 2 28 318 400 0 H,SO, 80.56 79.1529
21 10 2 2 8 318 400 496 HCI 94.82 92.4896
22 1 4 6 8 318 0 0 HCl 66.24 60.8554
23 10 2 6 28 293 400 0 HCl 48.45 50.2179
24 10 4 2 28 318 0 496 HCI 9.07 11.1654
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Table 4. Plackett-Burman design matrix of MB discoloration in un-coded units

1 1(-1) 4 0.2 2 290 400 496 H,SO, 7.20 8.455
2 14(+1) 4 2 2 318 400 0 H,SO, 97.11 94.211
3 14(+1) 4 0.2 10.42 290 0 0 H,SO, 40.60 50.085
4 14(+1) 2 0.2 2 318 400 496 HCI 18.73 28.155
5 1 4 2 10.42 290 400 496 HCI 43.50 42.430
6 14 2 2 10.42 290 400 0 HCI 24.75 25.320
7 14 4 2 2 318 400 0 H,SO, 97.70 94.211
8 1 2 2 10.42 318 0 496 H,SO, 28.25 35.730
9 1 4 2 2 318 0 0 HCI 99.13 100.000
10 14 2 0.2 2 318 400 496 HCI 18.73 28.155
11 14 2 2 10.42 290 400 0 HCI 23.60 25.320
12 14 4 0.2 10.42 318 0 496 HCl 96.37 86.945
13 14 2 2 2 290 0 496 H,SO, 15.27 7.920
14 14 4 0.2 10.42 318 0 496 HCI 60.58 46.053
15 1 4 2 2 318 0 0 HCI 99.13 100.000
16 1 4 0.2 2 290 400 496 H,SO, 7.42 8.455
17 1 2 0.2 2 290 0 0 HCI 2.60 0.000
18 1 2 0.2 2 290 0 0 HCI 2.60 0.000
19 1 2 0.2 10.42 318 400 0 H,SO, 26.44 19.105
20 1 2 2 10.42 318 0 496 H,SO, 28.46 35.730
21 14 2 2 2 290 0 496 H,SO, 15.32 7.920
22 1 4 2 10.42 290 400 496 HCI 43.75 42.430
23 1 2 0.2 10.42 318 400 0 H,SO, 26.52 19.105
24 14 4 0.2 10.42 290 0 0 H,SO, 40.72 50.085

2.2.2. Data analysis

The value of R? is explained as the degree of fitness
of the mathematical model with the experimental data, it
ranges between 0 and 1. Higher value of R* is important.
Experimental design, data analysis, plotting of main ef-
fects and interactions were performed with MINITAB 16
statistical software. All trials were tested at 95% confi-
dence level. Due to use eight factors, the experimental
design will be a matrix of 12 experiments. For more preci-
sion, we have duplicated the chosen design, which con-
ducts us to the matrix of 24 trials (Tables 2-4).

3. Results and Discussion

3.1. Variance Analysis of the Results
(ANOVA)

Table 5 shows a summary of ANOVA results for
MO, CG and MB dyes. The values of p and F as a statisti-

cal indicator to assess which terms of the model are im-
portant and highly significant.

Based on the analysis of variance, the highly sig-
nificant p = 0.000 for three dyes, indicates a good regres-
sion of the model. The effect of [H,O-]o, pH and [Fez+]o
on the yield is very strongly significant (p <0.004). It is
followed by the temperature effect (7), which is also very
significant (p = 0.000 and p = 0.012), in the evaluated
experimental range. The positive sign of each factor indi-
cates that the maximum value of these factors results in a
higher response than with the minimum value.

The factors which have a negative sign indicate
that the minimum value of this factor results in a higher
response. The R* values of the CG, BM and MO elimina-
tion responses obtained in the present study, are 84.14 %,
96.69 % and 98.61 % respectively, all are greater than
80 %. This indicated that only 15.86%, 3.31% and
1.39 % of the total dissimilarity might not be explained by
the empirical model. According to Joglekar and May*' for
a good fit of the model, the correlation coefficient should
beat a minimum of 80 %.
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Table 5. Analysis of variance (ANOVA) of the regression model from the Plackett-Burman design of CG, MB and MO
discoloration in coded units

Term Effect Coef. F p
CG MB MO CG MB MO CG MB MO CG MB MO
constant 72.661 | 41.678 | 67.73 9.94 54.81 132.92 | 0.000 | 0.000 | 0.000
[H,0,]o 28.41 14.18 | -6.91 | 14.208 | 7.095 -0.76 35.31 19.50 16.95 | 0.000 | 0.001 | 0.001
pH 22.54 | 4481 | -157 | 11.271 | 22.405 | -7.88 22.22 19447 | 88.06 | 0.000 | 0.000 | 0.000
[Fe’ 16.05 19.30 8.44 8.027 9.653 2.109 11.27 36.10 25.25 | 0.004 | 0.000 | 0.000
[Dyely 2.406 | 3.199 | -335 1.203 1.600 | -1.676 0.25 0.99 398.74 | 0.622 | 0.335 | 0.000
T 13.56 | 38.80 | 17.99 | 6.783 | 19.400 | 0.720 8.05 145.80 | 114.86 | 0.012 | 0.000 | 0.000
|4 -5.159 | -10.78 | 32.04 | -2.580 | -5.390 | 0.080 1.16 11.26 | 364.16 | 0.298 | 0.004 | 0.000
[NaCl]o -2.713 | -13.46 | -0.81 | -1.356 | -6.730 | -0.002 0.32 17.55 0.23 0.579 | 0.001 | 0.635
Acid 4706 | -11.52 | 1247 | 2.353 | -5.760 | 6.233 0.97 12.85 55.12 | 0.341 | 0.003 | 0.000
Lack of fit 21653.79 | 4017.0 | 36.04 | 0.000 | 0.000 | 0.000

Notes : for CG : Reg”= 84.14 %, Reg (adj) = 75.67 %; for MB: Ry = 96.69 %, Ryg (adj) = 94.93 % ;

for MO: Ryio” = 98.61 %, Ryo’(adj) = 97.87 %

3.2. Mathematical Model Equation

The regression coefficients with the coded units
(Table 5) are used in the model equations, representing the
relationship between the responses and the studied factors:

Y c=72.661+14.208[Hy0,]¢+11.27 1 pH++ 8.027 [Fe* o+
+1.203[CG]J¢+6.783T-2.58V - 1.356 [NaCl], + 2.353Acid (5)
Ymp=41.678+7.095[H,0,]+22.405pH+
+9.653[Fe*"|y+1.6[]MB]y+19.4T-5.39V-

- 6,73[NaCl],-5.76Acid (6)
Yyio= 67.73 -0.768[H,0,]o-7.87pH+
+2.109 [Fe?*]0- 1.676 [MO]y+0.720T+0.080V-
-0.002 [NaClJy + 6,233 Acid (7)

3.3. Main Effects Plot

The main effects plot is used to check the differ-
ence between the means of one or more factors; it repre-
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Fig. 1. Main effects plot for CG yield

sents the average response of each level of factor con-
nected by a line. In the case of a two-level factor, the re-
sponse increases or decreases from a low level to a high
one. The difference in the response is the main effect of
the factor. To compare the impact of each factor on the
degradation efficiency of dyes, the effects of different
factors in the form of graphs of the main effects were
plotted (Figs. 1-3).

3.4. Interaction Plot for Yield

Interaction diagrams are graphical tools for looking
at the interactions or dependencies between factors. If the
effect of one process parameter depends on the level of
the other parameters, the interaction will occur.

The absence of interaction graphically is showed
by parallels, if there is an interaction effect, the two lines
will intersect each other.' Figs. 4-6 illustrate the interac-
tion plot for discoloration yield of three dyes.
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3.5. Interpretation of the Results Ob-
tained from Various Diagrams

Effect of initial H,O, concentration

The degradation efficiency of dyes (CG and MB)
increases when [H,0,]o is high (Figs. 1, 2), because hy-
drogen peroxide is the source of hydroxyl radicals, re-
sponsible for the degradation of organic material, there-
fore the probability of contact between dyes molecules
with the free hydroxyl radicals increases. However, the
efficiency of MO degradation decreases when [H,O;]o
increases (Fig. 3), interactions were observed with all the
parameters studied “line 1” (Fig. 5). This is due to the
scavenging of "'OH by an excess of H,O, which conducts
to the generation of radicals less reactive like HOO', its
oxidation potential too is lower than ‘OH,” as shown
below:

2H,0, > 2H,0+0y @®)
‘OH+ H,O, - H,O + HOO’ (9)

In addition, the excess of H,O, reacts with ferric
ions to form a hydroperoxyl radicals™ according to Eq.

(10):
Fe*" +H,0, — Fe” +HO ,+H" (10)

Effect of pH

The discoloration of MO at pH = 2-4 has a signifi-
cant negative effect (Fig. 3); therefore the optimum pH is
between 2 and 4, this is confirmed by the studies of Luo®*
and Youssef,” who have noticed that the optimum pH
values for MO degradation were reached at 2.5 and 2.7, as
well as pH interacted with [H,0]oand [Fe® ], (Fig. 5); on
the other hand for MB and CG the pH value has a very
important positive effect (Figs. 1, 2) and an interaction
with the [H,O,]o (Figs. 4, 6). Therefore pH = 4 favors the
discoloration yield of these two dyes.

Effect of the initial concentration of [Fe’ '],

The discoloration yield of the three dyes (CG, MO
and MB) increases when [Fe’'], is higher in the selected
range (Figs. 1-3). These results are in agreement with those
of Hashemian et al.*® and Sun,7 who also observed that the
rate of degradation enhances once the concentration of
ferrous ions increases. Indeed, more hydroxyl radicals HO
are produced when [Fe® '], increases according to Eq. (1).

So Fe’ has a very important effect to trigger the
decompositions of H,O, in order to generate HO' in the
Fenton process.

Effect of the initial dye concentration

Another important parameter that may affect the
rate of degradation, is the initial concentration of organic
dyes. The effects of [MB]y and [CG], have a powerless
positive impact on the discoloration yield of the two dyes
(Figs. 1, 3). This can be explained by the increasing of the
frequency of collisions between reactants when their con-
centration increases. Thus, the frequency of effective
collisions that cause a reaction will be also high. Increas-
ing the amount of dye molecules per unit of volume in-
creases the probability of collision between organic mate-
rial and OH, this conducted to increase the efficiency of
discoloration.”” However, the effect is negative for MO
(Fig. 3), this is due to the strong interaction with [H,O;]o
(Fig. 5) which has a negative effect because its excess in
the solution leads to the generation of "OOH less reactive
than "OH (Egs. 8, 9) which strongly and negatively influ-
ences the yield.

Effect of the solution temperature

The temperature has a very important positive ef-
fect on discoloration efficiency of three dyes (Figs. 1-3).
When the temperature increases, the reaction velocity
increases between ferrous ions and H,O,, this phenome-
non causes the generation of hydroxyl radicals.”®
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In addition, a higher temperature could provide
more energy for the reactive molecules to overcome the
activation energy of the reaction. > We can observe inter-
actions between temperature and [MB]y, [CG], (Figs. 4, 6)
but for MO, only one interaction with [H,O;]o can be seen
(Fig. 5). However, carrying out the reaction at a tempera-
ture above 318 K may decrease the discoloration yield.
Generally, a higher temperature could have an influence
on the decomposition of H,O, into water and oxygen.
Effect of stirring speed

It is observed from Figs. 1 and 2 that the stirring
speed (V) has a negative effect against the elimination of
CG and MB, these observations can be explained by the
interaction of the effect of the dye concentration and the
temperature (Figs. 4, 6), both factors neglected the effect
of stirring speed.

But when the speed reached 400 rpm, a positive ef-
fect on discoloration of MO was observed which can be
explained by the strong interaction between [H,0,]o and
[Fe* 1o (Fig. 5), thus [H,0,] has a negative effect on the
yield and the stirring speed has a positive effect to pro-
mote the contact of reactants and also affects the mass
transfer between the chemical species.

Effect of initial salt concentration [NaCl],

The discoloration of three dyes mentioned above
that [NaCl]y has no effect on the degradation of CG and
MO in the experiment range (Figs. 1, 3), so it can be ex-
plained that the addition of a higher concentration of fer-
rous ions could break the inhibition from chloride ions. It
means, there is a strong interaction between [NaCl], and
[Fe’ "o (Fig. 5). On the other hand, the methylene blue has
a negative effect when [NaCl], increases from 0 to
496 ppm. This is due to the strong interaction between
[Fez+]0 and [MB], (Fig. 4): the interaction of chloride with
Fe* ions can produce complex chemicals according to Egs.

11, 12 or scavenger of hydroxyl radicals (Egs. 13, 14):*'

Fe** +CI” - FeCl" (11)

FeCl" + ClI" — FeCl, (12)

ClI'+ ‘OH < CIOH™ <> Cl'+ OH (13)
CIOH"+H" < CIOH, « CI'+H,0 (14)

Another interpretation may explain that the interac-
tion between [NaCl]y, and [MB], is due to the increased
degree of aggregation of the ionic dye in water. Some-
times it is referred as a "common ionic effect", which can
greatly limit the solubility and ionization of dyes and the
lower ability of dye molecules to react with hydroxyl
radicals.* Therefore, the addition of sodium chloride can
reduce the electrostatic repulsive forces between the dye
anions which increase the tendency for the dye species to
aggregate.”
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Effect of the acid nature used to acidify the solution

Generally, the anions CI” and SO, commonly co-
exist with dyes in wastewater. The using of acids like
H,SO, enhances the discoloration efficiency of CG and
MO solutions (Figs. 1, 3). On the other hand, the discol-
oration of the MB solution is favored by hydrochloric acid
(Fig. 2). However, it is advisable to use sulfuric acid be-
cause it corresponds to the iron salt used avoiding the
formation of complex compounds.

4, Conclusions

The results of the eight-factor interactions showed
the relation between these parameters, but there was a
difference in the degree of influence of the studied effects
because it depends on the structure of organic dyes, so
each dye has a self-structure (types of hydroxyl substitu-
ent and their position, the length of the main chain, ezc.),
as well as the choice of the limits of the factors that may
cause a risk of not showing the effect of factors, if the
levels are too close or too far from each other.

ANOVA analysis of variance gave the signification
or non-signification of the factors; the p-value of 0.000 for
three pollutants indicated the good regression of the
model. The linear regression was compared between the
values of the theoretical efficiency given by the mathe-
matical model and the values of the experimental yield.
Indeed, the adjustment was almost perfect as the correla-
tion constant was equal to 0.9861, 0.9669 and 0.8414 for
MO, MB and CG, respectively.

The concentrations of hydrogen peroxide and Fe*",
pH and temperature are the most important factors to
promote the efficiency of the reaction (p-value was very
significant for these three dyes). However, the key factor
for the Fenton reaction was the [H,O,]o, because it had an
effect of interaction with all the factors. The variation of
this concentration varies the effect of other factors and the
efficiency of the reaction: it is the origin of the hydroxyl
radicals, however, more H,O, may conduct to reduce the
degradation of the pollutant, this is the case of MO oxida-
tion. The application of the Plackett-Burman design
(PBD) has proven to be an efficient and rapid method to
identify the most critical factors that influence the degra-
dation of three dyes, their interaction, and the quality of
the Fenton process.
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E®EKT B3AEMO/IIi POBOYNX ITAPAMETPIB
ITPH OKUCHEHHI PEA'EHTOM ®EHTOHA
PI3BHUX BAPBHUKIB. 3ACTOCYBAHHSI METOY
INIAKETTA-BEPMAHA

Anomauyin. Busueno epexm 63aemo0ii midic 8icbmoma po-
bouumu  napamempamu, AKi MOICYMb ICMOMHO 6RAUBAMU HA
odezpadayiio mpbox OpeaHiYHUX OAPEHUKIE, WO MAOMb PI3HY CIPYK-
mypy (Cibacron 3enenuti, MemuieHOBUI CUHIL | MeMUIOPAHIIC).
Oyintosannsa  eghekmy SUKOHAHO CMAMUCHIUYHO 3a OONOMOZ0I0
CKpuHineoeo2o memoody Ilaxemma-Bepmana. IIpudamuicme mooe-
JIi nepesipeno 3 BU3HAUEHHAM KoeiyicHma R. Ilpoananizosaro ma
npoiniocmposani napamempu npoyecy, AKi 6NAUHYIU HA epekmus-
Hicmb dezpadayii bapeHuxie; Havugadxciugiui 3navennss (p ma F) ons
mpoox 6apenukie dosenu npudamuicme mooeni. Iloxazano, wo
ompumMaHi pe3yibmamu 83aeMoOii napamempie Oaroms MONCIU-
gicmb GUOLTUMU KIIO4O08ULL hakmop Onsi nioguujens epexmug-
Hocmi npoyecy Penmona.

Knrouosi cnosa: oxucnenns @enmona, euoaienns 6aps-
HUKIB, 00pobenHst 600u, Ousaiin excnepumenmy, ananiz ANOVA.



