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Pre-treatment of simulated industrial wastewaters (SIM1, SIM2 and SIM3) containing organic and inor-
ganic compounds (1,2-dichloroethane, sodium formate, sodium hydrogen carbonate, sodium carbonate
and sodium chloride) by oxidative degradation using homogeneous Fenton type processes (Fe?*/H,0;
and Fe3*/H,0,) has been evaluated. The effects of initial Fe?* and Fe3* concentrations, [Fe?*3*], type of
iron salt (ferrous sulfate vs. ferric chloride), initial hydrogen peroxide concentration, [H,0,], on miner-
alization extent, i.e., total organic content (TOC) removal, were studied. Response surface methodology
(RSM), particularly Box-Behnken design (BBD) was used as modelling tool, and obtained predictive func-
tion was used to optimize the overall process by the means of desirability function approach (DFA). Up
to 94% of initial TOC was removed after 120 min. Ferrous sulfate was found to be the most appropriate
reagent, and the optimal doses of Fe2* and H,0, for reducing the pollutant content, in terms of final TOC
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and sludge production were assessed.
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1. Introduction

The increasing growth of world’s population and rapid indus-
trial development cause the formation of the huge amount of
wastewater loaded with the numerous organic compounds unac-
ceptable for the environment and human health as well. In order
to preserve the environment, following the principles of cleaner
production and sustainable development, removal of toxic and haz-
ardous compounds from industrial wastewater presents a great
issue. New directives and regulations demand the necessity for
finding the optimal solution of the treatment of such wastewater,
in order to decrease concentration of hazardous compounds bel-
low the maximal concentration prescribed by the regulation. The
purification of wastewater has been conducted in order to protect
natural resources and enable the possibility of reuse of this water,
saving the fresh and natural water in the same time, as the prior-
ity of sustainable development and environmental protection. In
general, methods for the industrial wastewater treatment can be
grouped as biological, physical and chemical methods [1]. Biological
methods have the widespread use for the treatment of munici-
pal and industrial wastewater. Despite of the lot of advantages,
some pollutants, including the most toxic organic compounds can-
not be destroyed by biological degradation processes because of
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their low biodegradability. Physical methods of wastewater treat-
ment generally present transfer of pollution from one phase to
the other, often expensive and not eco-efficient. Also, a secondary
waste disposal and adsorbent regeneration additionally decrease
the economical efficiency of wastewater treatment by physical
methods. An alternative to the conventional wastewater treatment
processes presents advanced oxidation processes (AOPs) that can
be applied individually or as a part of integral treatment process.
The advantage of these processes in comparison with conventional
wastewater treatment methods is the possibility of the complete
degradation of organic load towards water and carbon dioxide.
AOPs include the formation of highly reactive species (radicals)
under the chemical, electrical or radioactive energy and they can
react non-selectively with persistent organic compounds transfer-
ring them into by-products which can be degraded much more
easily [2]. These intermediates have high oxidation potential and
one of the most important is hydroxyl radical (2.8 eV). It can attack
and destruct organic compounds towards water and carbon dioxide,
i.e., mineralization [3-5].

In order to obtain the balance between economical growth and
development, legislative and healthy environment and driven by
the desire for preserving of the beautiful local environment and
ecosystem, an application of new technologies need to be studied
for possible implementation in industrial wastewater treatment.
Among all kind of industrial wastewaters, those ones originating
from petrochemical industries are considered as very complex and
hard to treat. The constituents of the petrochemical wastewaters are
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highly specific. Therefore, each wastewater has to be characterized
extensively and viable processing technologies have to be evaluated
for the treatment.

Oxidative degradation by using Fenton process appeared to be
efficient for the treatment of wastewaters even at higher initial
organic content [6,7]. Fenton process is based on the oxidation with
Fenton reagent which presents an oxidative mixture of hydrogen
peroxide and ferrous ions (Fe%*) as catalyst. In general, the efficiency
of Fenton process depends on: concentration of ferrous (Fe2*) and
hydrogen peroxide Eq. (1), their molar ratio, pH of the system and
temperature [8,9].

Fe?* + H,0, — Fe3* + HO™ +HO® (1)

Decomposition of hydrogen peroxide can be also catalyzed by ferric
ions, Fe3*, Egs. (2) and (3).

Fe3* + H,0;, — Fe2t + HO,* (2)
Fe3* + HO,* — Fe?* +H* +0, (3)

Previous Fenton studies have shown that acidic pH levels near 3
are usually optimum for Fenton oxidations. The ferrous ions gener-
ated in the above reactions react with hydroxide ions to form ferric
hydroxo complexes [10].

Within pH 3 and 7, the above complexes become “larger” which
accounts for the coagulation capability of Fenton’s reagent and eas-
ier precipitation. It should be noted that large amounts of small flocs
are consistently observed in the Fenton oxidation step [6,10].

In this particular system, the carboxyl radical, CO5°*~, is also
one of the most important species because of its excellent reduc-
ing properties (—1.9 eV) [11]. This radical reacts very rapidly with
many compounds [12]. It may be easily produced by the reactions
of hydroxyl radical and H atom with formic acid/formate as shown
below [13]:

HO® + HCO;~ — H,0 + COy*~ (4)

The CO,*~ radical is presented in this form throughout most of
the pH range and only protonated in strongly acidic solution. It
is suggested [14] that an intermediate of the recombination of
CO,*~ radicals [CO,°*~---CO5*~] was produced. This intermediate
can either lead to the formation of stable products such as oxalate
and CO, or dissociate back to CO,*~ radicals:

CO,* +C0Oy°~ < [COy*~--CO»*~] — products (5a)
0} 0O
NS
[COZ" --CO; T — /C_C
-0 O- (5b)
[CO,*~--CO* ] — 20=C=0 (5¢)

The scope of this study was to investigate the efficiency of
homogeneous Fenton type processes (Fe?*/H,0, and Fe3*/H,0,)
on simulated industrial wastewater originated from 1,2-DCA/VCM
plant, and optimize the oxidation of model pollutants. An opti-
mization strategy based on desirability function approach (DFA)
together with response surface methodology (RSM) has been used.
Box-Behnken experimental design was used to develop a predictive
model for mineralization extent involving four independent fac-
tors. Furthermore, the single-response optimization was attempted
through desirability function based on a developed predictive
model. Single-response optimization means determination of the
values of control factors, i.e., process parameters that gave low-
est value of a particular response, final TOC content of the system,
according to set criteria.

2. Materials and methods
2.1. Chemicals

All reagents used in this work were analytical or HPLC
grade and used without any further purification. Ferrous sulfate
(FeSO4-7H,0), hydrogen peroxide (H,0, 30%), sodium hydrogen
carbonate (NaHCO3), sodium carbonate (Na;CO3), sodium chlo-
ride (NacCl), barium chloride (BaCl,) and sulfuric acid (H,SO4) were
supplied by Kemika, Zagreb, Croatia. Sodium formate (HCOONa)
and ortho-phosphoric acid (H3PO4 85%) were obtained from
Fluka. Oxalic acid (H,C,04) was purchased from Sigma-Aldrich,
1,2-dichlorethane (1,2-DCA) from The British Drug House Ltd.,
B.D.H. Laboratory Chemicals Division, Poole, United Kingdom and
ferric chloride (FeCl3-6H,0) from Riedel-de Haén AG, Seelze, Ger-
many.

2.2. Simulated wastewater

The degradation experiments were performed with three types
of simulated industrial wastewater (Table 1). Simulated wastewa-
ters were prepared by transferring the exact amounts of HCOONa,
NaHCO3, NaCland 1,2-DCAin the 1 L flask and dissolved with deion-
ized water. The pH of the system was maintained at 10 with addition
of Na,COs.

2.3. Experimental procedure

All experiments were performed as jar-tests in 150 mL beakers
made of borosilicate glass, with the reaction volume of 100 mL and
constant magnetic stirring (600 rpm) within 120 min, at room tem-
perature, 23 4+ 2 °C. After the addition of iron catalyst, the initial pH
of the studied systems was adjusted at 3.5 using of sulfuric acid
(80%) [5,15,16], which was followed by the addition of hydrogen
peroxide. Samples of reaction mixture after the treatment were left
to sedimentation for 30 min. The volume of residual sludge (V3q)
was measured. Where it was necessary reaction mixture was fil-
tered using Whatman filter paper (blue stripe). The sludge was oven
dried at 50 °C for 24 h, cooled off to room temperature and weighted
(mg). Solid residue, as well as each supernatant, was subjected to
further analyses.

2.4. Analyses

The concentration of ferric ions in the bulk was measured by
colorimetric method using the UV-vis spectrophotometer, Lambda
EZ 201, Perkin Elmer, USA. Ferrous ions were identified by the reac-
tion of Fe2* with 1,10-phenantroline giving an orange-red complex
(Amax =510 nm). Ferric ions were identified by the reaction of Fe3*
with thiocyanate forming a red-colored complex (Amax =480 nm)
under acidic conditions [17]. The concentration of H,0, was deter-
mined by using the procedure described in the literature [18].
The method is based on the reaction of H,0, with ammonium
metavanadate in acidic medium, which results in the formation
of a red-orange color peroxovanadium cation, with maximum
absorbance at 450nm and its formation was also monitored by

Table 1

Characteristics of studied simulated systems.

System SIM1 SIM2 SIM3
w(HCOONa), % 0.1 0.8 1.5
y(1,2-DCA), mgL~! 20 20 20
w(NaHCO3), % 7.0 7.0 7.0
w(NaCl), % 45 4.5 4.5
pH 10 10 10
TOC, mgL! 370 2930 5500
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the same UV-vis spectrophotometer. Organic and inorganic con-
tent in the samples were measured on the basis of TOC and
IC measurements performed by using a Shimadzu, Japan TOC
Vepn 5000 A analyzer. Concentration of formic and oxalic acid
in supernatant was determined using High Performance Liquid
Chromatographer HPLC, Shimadzu, with SUPELCOGEL H Carbohy-
drate column, length 250 mm, internal diameter 4.6 mm and UV
detection at 210 nm. The mobile phase was 0.1% phosphoric acid
with the flow rate of 0.18 mLmin~'. The solid residue was ana-
lyzed by FT-IR spectrophotometer, Spectrum One, Perkin Elmer,
USA. The values of chemical oxygen demand (COD) in the sam-
ples were determined by Hach-Lange COD analyzing set, DR 2800
spectrophotometer and DRB 200 reactor, USA. Concentration of sul-
fate ions was determined by turbidimetric method [17] based on
precipitation of sulfate ions in acid medium with barium chloride,
forming barium sulfate crystals of uniform size. Light absorbance of
the BaSO4 suspension was measured by Hach 2100P Turbidimeter
(USA).

2.5. Box-Behnken design and desirability function

Among RSM techniques, Box-Behnken design (BBD) is com-
monly chosen for the purpose of response optimization [19,20]. This
is a three-level spherical design with excellent predictability par-
ticularly in cases when prediction of response at the extreme level
is not the goal of the model.

Box-Behnken design with three numeric factors, varied over
three levels (Table 2) was used to determine the operating con-
ditions for maximizing the organic pollutant degradation, i.e.,
mineralization extent (final TOC content). Since one additional cat-
egorical factor, at two levels (Table 2), was involved, design was
duplicated for each combination of the categorical factor levels,
resulting in total of 34 experiments that were conducted under the
conditions defined in Table 3, in random manner. A reduced cubic
model was evaluated for the transformed response function, Eqs.
(6)and (7):

Y’ = bo + b1 X1 + bXz + b3X3 + B1Xs + b11X1? + b2aXo® + b33X3?
+b12X1Xa + b13X1X3 + B X1Xa + b3 Xa X3 + B XaXa
+B31X3Xa + B111X1°Xa + Br2aX1Xo? + B Xa®X4
+B331X3%Xy (6)

Y —1In Y — lower bound )
upperbound - Y
where X1, X5, X3, X4 represent the factors in the model, by, is the
coefficient associated with each nth factor, and 8;; represents coef-
ficients for categorical factor or their interactions with numerical
factors. Combination of factors (such as X;X,) represents interac-
tions between the individual factors in that term. Y and Y’ represent
the observed (final TOC content) and transformed response. Upper
and lower bounds, 1939.2 and 4.51, respectively, were obtained by

extending the range of observed responses for 1 (Table 3), in order to
avoid zero in the equation. Obtained model and experimental data
were analyzed statistically using Design-Expert 6.0.6, a DoE software
tool from Stat-Ease, Inc.

Furthermore, desirability function has been one of the most
important optimization techniques since the early eighties. Main
reasons for this popularity might be counted as the convenience
of the implementation of the method and its availability in many
experimental design software packages [21]. Desirability function
approach makes use of an objective function, D(X), called the
desirability function and transforms an estimated response into
a scale free value (d;) called desirability. The desirable ranges are
from zero to one (least to most desirable, respectively). The fac-
tor settings with maximum total desirability are considered to
be the optimal parameter conditions. The simultaneous objec-
tive function is a geometric mean of all transformed responses,
Eq. (8):

n 1/n
Hdi (8)
i=1

where n is the number of responses in the measure. If any of
the responses falls outside the desirability range, the overall func-
tion becomes zero. The numerical optimization finds a point that
maximizes the desirability function. Adjusting the importance
the characteristics of a goal may alter. For several responses, all
goals get combined into one desirability function. For simultane-
ous optimization, each response must have a low and high value
assigned to each goal. The “Goal” field for responses must be
one of five choices: “none”, “maximum”, “minimum”, “target”, or
“in range” [22]. Factors are also included in the optimization at
their design range by default, or as a maximum, minimum of tar-
get goal. In case of single-response optimization, it is determined
how input parameters affect the desirability of individual response,
d[23].

In this particular case, the most desired response value, i.e.,
goal parameter, was minimum observed response, i.e., minimum
of transformed response, with highest importance. Accordingly, the
meaning of goal parameter set for the purpose and corresponding
desirability are presented below:

D=(dy xdy x--xdn)/" =

goal parameter is minimum

if response <low value =d=1
as responses varies from low to high =1>d>0
if response > high value =d=0

Discussion on criteria settings for factors will be elaborated in
detail in Sections 3.2 and 3.3.

3. Results and discussion
3.1. Experimental design analysis and results

The statistical study of the process was performed using
response surface methodology (RSM), particularly by Box-Behnken

Table 2
Actual factors and their levels.
Type of factor Parameter name Code Levels
1 2 3
Numerical -1 0 1
Mass weight of HCOONa, % Xq 0.10 0.80 1.50
Concentration of Fe-ions, [Fe2*/3*], mol L~! Xz 0.01 0.1 0.20
Concentration of H,0,, [H,0,], molL~! X3 0.11 1.16 2.20
Categorical 0 1
Type of Fe-salt X4 FeS04-7H,0 FeCl3-6H,0
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Table 3
Design matrix and response at different factor levels.

Factors Response Transformed response
Std. Run X1, w(HCOONa), % Xz, [Fe2***], mol L-! X3, [H0,], mol L~! X4, type of Fe-salt Y, TOCy9, mgL-! Y, In[(Y —4.51)/(1939.2 - Y)]
3 1 0.10 0.20 1.16 FeS04-7H,0 31.76 —4.248
31 2 0.80 0.11 1.16 FeCl3-6H,0 568.3 —0.889
19 3 1.50 0.01 1.16 FeCl3-6H,0 1752.6 2237
32 4 0.80 0.11 1.16 FeCl3-6H,0 498.3 -1.071
16 5 0.80 0.11 1.16 FeS04-7H,0 6.508 —6.875
9 6 0.80 0.01 0.11 FeS04-7H,0 926.4 —0.094
27 7 0.80 0.20 0.11 FeCl3-6H,0 1473.0 1.147
10 8 0.80 0.20 0.11 FeS04-7H,0 1103.0 1.314
13 9 0.80 0.11 1.16 FeS04-7H,0 7.51 —6.468
17 10 0.80 0.11 1.16 FeS04-7H,0 5.512 —7.567
21 1 1.50 0.20 1.16 FeCl3-6H,0 936.4 —-0.073
7 12 0.10 0.11 2.20 FeS04-7H,0 9.33 0.002
20 13 0.10 0.20 1.16 FeCl3-6H,0 72.22 -3.317
6 14 1.50 0.11 0.11 FeS04-7H,0 1904.4 4.000
34 15 0.80 0.11 1.16 FeCl3-6H,0 771.6 —-0.420
30 16 0.80 0.11 1.16 FeCl3-6H,0 650.8 —0.690
29 17 0.80 0.20 220 FeCl3-6H,0 19.464 —4.855
14 18 0.80 0.11 1.16 FeS04-7H,0 7.02 —6.646
11 19 0.80 0.01 2.20 FeSO4-7H,0 632.4 —-0.733
23 20 1.50 0.11 0.11 FeCl3-6H,0 1938.2° 7.567
28 21 0.80 0.01 220 FeCl3-6H,0 675.6 —-0.633
12 22 0.80 0.20 220 FeS04-7H,0 12.518 —5.483
2 23 1.50 0.01 1.16 FeS04-7H,0 1713.4 2.024
1 24 0.10 0.01 1.16 FeS04-7H,0 25.98 —4.490
25 25 1.50 0.11 220 FeCl3-6H,0 1762 2294
22 26 0.10 0.11 0.11 FeCl3-6H,0 42.69 —3.905
4 27 1.50 0.20 1.16 FeS04-7H,0 61.14 —3.501
24 28 0.10 0.11 220 FeCl3-6H,0 104.76 —2.907
15 29 0.80 0.11 1.16 FeSO4-7H,0 6.14 —7.078
18 30 0.10 0.01 1.16 FeCl3-6H,0 9.747 —5.909
5 31 0.10 0.11 0.11 FeS04-7H,0 54.96 —-3.620
26 32 0.80 0.01 0.11 FeCl3-6H,0 1256.4 0.606
8 33 1.50 0.11 2.20 FeS04-7H,0 15.23 —5.190
33 34 0.80 0.11 1.16 FeCl3-6H,0 505.0 —-1.053

2 Note: Bolded values present bounds of observed range, used for transformation.

design. Individual parameters and their interaction effects on TOC
reduction were determined and statistical predictive model of pro-
cess was developed. Multiple regression analysis of experimental
data, performed using Design-Expert software, resulted with model
equation describing dependency of response (Y’) to selected terms,
meaning four process parameters and some of their interactions.
Transformed response fitted well in a proposed reduced cubic
model, Eq. (6).

For current study response surface model were evaluated using
ANOVA (Table 4). F-value of 44.87 and p-value less than 0.0001
imply that the model is significant. The examination of residuals
was used to investigate the model adequacy. Fig. 1 presents a nor-
mal probability plot of residuals for transformed response, Y. As
it can be seen, there is no severe indication of non-normality and
neither any evidence pointing to possible outliers. Normal plot pre-
sented at Fig. 1 is normally distributed and resemble a straight line.
Also, residuals are structureless and contain no obvious patterns,
so it can be concluded that the model is adequate. Furthermore,
residuals vs. predicted plot is also normally distributed and the
equality of variance does not seem to be violated, as presented in
Fig. 2. Obtained R? value, 0.9795, is close to one suggesting the fit is
good and a variation in the observed value can be explained by the
chosen model. Result of analysis shown in Fig. 3 is in accordance
with given R? values. Namely, predicted vs. actual plot that shows
equality of experimental data (actual) with the one obtained by the
model (predicted) for the same initial values follows the linex=y.In
an ideal case when R? valued would be 1, all points on predicted vs.
actual graph would lie on the line x =y [24,25]. The results obtained
within this study prove the model adequacy and it can be concluded
that the given model describes the investigated system very well
throughout the experimental range.

Significance of each term in predictive model, evaluated by p-
value less than 0.1000 is also presented in Table 4. Since coefficients
for multi-level categorical factor (X4) or their interactions with
numerical factors (e.g., X1X4), Bjj, are not as simple to interpret,
and do not have a physical, but only a mathematical mean-
ing [23], these coefficients and equation in coded terms could
not be used for interpretation of the model, yet real impres-
sion about process performance could be achieved from graphical
interpretation of the model in accordance with model equa-
tion given in actual terms for each level of categorical factor.

Normal % Probality

T T T T
-2.35 -1. 6 -0.17 0.93 2.02
Studentized Residuals

Fig. 1. Normal probability plot of residuals for transformed response.
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Table 4

ANOVA results - model and coefficient validation: fit summary.

Source Sum of squares Degrees of freedom F-Value p-Value R?

Model 416.46 17 4487 <0.0001 0.9795

Xi 78.73 1 144.22 <0.0001

X2 10.67 1 19.55 0.0004

X3 54.29 1 99.45 <0.0001

X4 93.09 1 170.53 <0.0001

X;2 8.15 1 14.94 0.0014

X32 4.51 1 8.26 0.0110

X32 31.12 1 57.00 <0.0001

X1X2 14.23 1 26.07 0.0001

X1X3 21.42 1 39.23 <0.0001

X1X4 9.58 1 17.55 0.0007

X2X3 12.20 1 22.35 0.0002

XoXa 2.46 1 4.50 0.0499

X3X4 2.59 1 4.75 0.0446

X12X4 3.10 1 5.68 0.0299

X1 X2 2.60 1 4.76 0.0445

X22Xy 35.40 1 64.84 <0.0001

X32X4 428 1 7.84 0.0128

Total 425.19 33 - -

Residual error lack-of-fit 2.71 8 1.53 0.1749

presented:
3.00
TOCqp0 — 4.51
In [L — _1.25 + 1.47 x w(HCOONa)
. S . 1939.2 — TOC120 | re(iny sulfate
w
= 1.50 . .
2 5 . P — 68.47 x [Fe2"] — 4.63 x [Hy05] + 3.25 x w(HCOONa)?
4 - -. 2
= . . +410.29 x [Fe2*]” +2.41 x [Hy05]? + 6.73 x w(HCOONa)
9 000 - .
£ L I . . x [Fe?*] = 2.23 x w(HCOONa)
o L]
E . .. . x [HpO3] — 12.44 x [Fe2*] x [H20,] — 127.53 x w(HCOONa)
¥ 150 L 5
- " x [Fe2+] (9a)
L}
-3.00
TOCq20 — 4.51
T T T T T 120
E 2326 0.41 4.08 7.75 In [— = —7.01 + 7.64 x w(HCOONa)
6.93 b : 1939.2 — TOC120 | pe(ii) chloride
Predicted

Fig. 2. Residuals vs. predicted plot for transformed response.

Therefore, predictive model given in actual terms regarding trans-
formed response Y, i.e., In[(TOC39 —4.51)/(1939.2 — TOCq39)], is
stated bellow, Eq. (9). Since each combination of categorical lev-
els has an equation that predicts the response, two equations are

7.75
3.924
el
2
5
B 009
=
(=9
-3.74]
-7.57-]
1 | I | I
-7.57 -3.74 0.09 3.92 7.75
Actual

Fig. 3. Predicted vs. actual plot for transformed response.

135.20 x [Fe3*] — 0.84 x [Hy05] + 0.77 x w(HCOONa)?

—44.06 x [Fe3*]° + 1.11 x [H202]? + 6.73 x w(HCOONa)
x [Fe3+] = 2.23 x w(HCOONa)
x [H205] — 12.44 x [Fe3*] x [Hp0,] — 127.53 x w(HCOONa)

x [Fe3* ] (9b)

Graphical interpretation of the model is shown on Fig. 4a-c, tak-
ing into consideration responses for each type of oxidant used and
average responses.

3.2. Overview of applied process

It can be seen (Table 3; Fig. 4) that the highest mineralization
extents were achieved when FeZ* (Fe(Il) sulfate salt) is used as a
catalyst. Performance of classic Fenton process is very good even in
case of the highest organic load, as in case of SIM3, where the initial
TOC content is 5500 mg L. Desirable mineralization extent could
be maintained within the following conditions: rather low initial
concentration of ferrous ions and catalyst/oxidant ratios (Fe/H,0,)
from 1:10 to 1:55. As mentioned in Section 1, Fenton’s oxidation is
the most effective at pH values near 3. Since consistent generation
of ferric hydroxo complexes is observed between pH 3 and 7, the
initial pH was adjusted at 3.5 as a compromise solution regarding
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In[(TOC-lower bound)/(upper bound-TOC_)]_ =

I

0.11 “</ - — ’
0.63'(/ - S
\,f Y 0.01
1.16™ Lo
[H,0,], mol L N o
1.68 AT
2.2070.20 [Fe], mol L'
In[(TOC-lower bound)/(upper bound-TOC)_] T
(b)
— 0,01
1165 > 006
[H,0,], mol L™ 1GR E,\-f"'“ﬂ,[l
: S0 ,
2.2070.20 [Fe], mol L

In[(TOC-lower bound)/(upper bound-TOC)] -

"\ 7001

. L — ‘ 006
[H,0,], mol L | o1

015 ;
2.2070.20 [Fe], mol L

Fig. 4. (a—c) Graphical interpretation of the model that describes dependency of
mineralization extent in terms of transformed response to process parameters and
their interactions.

high oxidation extent and formation of small flocs leading towards
sludge production.

Furthermore, the formation and consecutive presence of the
carboxyl radical, CO,°~, Egs. (4) and (5a) is also important due to
the impact on mineralization in great extent. It can be concluded
that the cleavage of formate towards CO, is self-catalyzed process.
Production of oxalic acid, Eq. (5b), was also observed and its final
concentration in the system was determined (Table 5).

Although Fenton process appeared to be an effective technology
for the treatment of wastewater, the resulted sludge usually con-
tains heavy metals and different inorganic anions initially present

Table 5
Characteristics of system treated by optimized process, Fe?*/H,0;:
[Fe2*]=0.05mol L1, [H,0;]=1.00 mol L-1, pH 3.5, time of reaction 120 min.

Initial Final

Supernatant
TOC, mgL~! 2,930 18.22P
IC, mgL-! 11,850 65.18
COD, mgL! 3,966 1000
w(HCOOH), % 0.8 0.003
w(H2C204), % - 0.004

H,0,], mol L' 1.0 0.03

[ ]

Fe?*], mol L~! 0.05 0.001
[

[Fe3*], mol L-! 0 0.008
Y(S04%~), gL! 77 13
Kk, mScm~! 103 86
pH 3.5 1.9
Solid residue
mg, g/100 mL - 0.7

b Note: Developed BBD model predicted a value of 17.33 mgL-!.

on the liquid phase [26]. In case of studied simulated systems,
residue could contain sodium salts, due to high content of sodium
ions and different anions in the system: iron, sulfate ions and dif-
ferent Fe-chelating compounds, e.g., Fe-oxalate, since oxalate were
produced by the recombination of CO,*~ radicals.

FT-IR spectroscopy has been used to gain the superficial under-
standing of the residue characteristics [27-30]. As shown in Fig. 5,
peaks between 3600 and 2900cm~! are characteristic of the
stretching bonds of O—H, which can be found in some possi-
ble compounds: formic acid, HCOOH, since it could be easily
formed from formate ions in highly acidic conditions and ferric
hydroxo complexes, [Fe(OH),(H,0),]>~". These complexes would
also behave as a coagulant in aqueous phase, thus increasing the
sludge production. The peak observed at 2100cm~! indicates the
O—H overtone. Peaks appeared at ~1650cm~! are assigned to
the C=0 bonds, once again found in oxalate and formate. Wide
band from 1200 to 950 cm~! responds to stretching frequencies
of S—0 and C—O bonds. These bonds could be found in differ-
ent Fe-chelating sulfato complexes, [Fe(L)SO4]"~, where ligand,
L, could be oxalate, water or carbonate ion, respectively [29].
Somewhat distinct peak at ~700cm~! depicted O—C=0 in-plane
deformation (rocking vibration) inside formate, while peaks found
between 700 and 600cm~! respond to O—C=0 bending vibra-
tion [28]. Other possible compound formed during the process
is Fe-bis(oxalato) complex, [Fe(C;04),]%>~, with following assign-
ments in IR spectra: C=0 stretching at ~1650 cm~!, C—C and C—0
stretching at ~1300cm~! ranging to 900cm~!, 0—C=0 bending
and rocking vibrations at ~700cm~! and finally, Fe—O stretching
at 500-450 cm~! [28,30]. The presence of inorganic compounds in
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Fig. 5. FT-IR spectra of Fenton’s solid residue.
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Fig. 6. Average production of residual sludge depending on the initial concentration,
[Fe*3*], and type of iron salt.

residue could also be approved by FT-IR. Namely, sodium sulfate
and sodium carbonate manifest with bands at ~600cm~1.
Furthermore, required separation, treatment and disposal of
residue, increase the overall cost. On the other hand, process opti-
mization could contribute in lowering down the sludge production.
As it can be seen from Fig. 6, application of ferrous sulfate resulted
in less residue compared with the experiments where ferric chlo-

(a) 2.20 4- 5
|H,0,], mol/LL w
Predichon 0.64
1.68 /
Prediction X
[0.300}
0.63 -
0.11 , , ] ‘j
0.01 0.06 0.11 0.15 0.20
|Fe], mol/L
(b) 2.20
[H,0,], mol/L / /
Prediction 5.40
1.68 — =

[Prediction  17.33

0.63 — —
~
300
=
0.11 ; ; "
0.01 0.06 0.11 0.15 0.20
|Fe], mol/L

Fig. 7. Result of numerical optimization - contour plots for result of (a) desirability
function and (b) predicted response, Y, final TOC content.

ride was used. Also, finding and a certain point in design space
that results with reasonable efficiency in terms of mineralization
at lower concentration of iron, [Fe2*], presents a specific goal.

3.3. Single-response optimization using desirability function

Single-response optimization caters to optimization of single
response, i.e., TOC content in system SIM2, and determines how
input parameters affect the desirability of individual response. Sys-
tem SIM2 was chosen for further optimization since the organic
loads (TOC) in this type of real wastewaters usually vary around
3000 mg L. Contour plot for desirability was first drawn keeping
input parameters in range and response (TOC content) at minimum.
Furthermore, an optimal design point was achieved by adjusting
the settings for input parameters while TOC content was kept at
minimum. Desired settings for input parameters, i.e., criteria were
as follows: [Fe2*] as target of 0.5molL~! - in order to avoid high
production of sludge: [H,0,] as target of 1.0molL~! to maintain
compromising catalyst/oxidant ration of 1:20. As it can be seen
from Fig. 7a and b, an optimal design point resulted with desirabil-
ity 0of 0.92 according to set criteria. In this particular point in design
space, predicted response was 17.33 mgL~1, not far from predicted
minimum (5.41 mgL~'), considering the TOC initial value (Table 1.).

Additional experiment with optimized conditions was per-
formed. Initial and final characteristics of the studied system were
showninTable 5. Observed TOC value, 18.22 mg L~! confirmed what
it was predicted. Also, process resulted in a minor amount of solid
residue, 0.7 g/100 mL. Furthermore, decrease in concentration of Fe
and sulfate ions correspond with formation of sludge containing
different complexes (Section 3.2).

4. Conclusion

Pre-treatment of simulated industrial wastewaters (SIM1, SIM2
and SIM3) containing organic and inorganic compounds (1,2-
dichloroethane, sodium formate, sodium hydrogen carbonate,
sodium carbonate and sodium chloride) by oxidative degrada-
tion using homogeneous Fenton type processes (Fe2*/H,0, and
Fe3*/H,0,) has been evaluated. RSM Box-Behnken design was
applied. Four factors have been examined, including initial content
of sodium formate (X; ), initial Fe2*/Fe3* concentration (X5 ), initial
hydrogen peroxide concentration (X3 ), and finally, categorical factor
(X4), type of used iron salt, ferrous sulfate and ferric chloride.

Using statistical analysis of the applied processes, where up to
94% of initial TOC was removed after 120 min, the following were
noticed: (i) among applied salts, ferrous sulfate was found to be
most appropriate; and (ii) the optimal reagent doses for reduc-
ing the pollutant content, in terms of TOC removal and sludge
production were assessed for applied process using desirability
function approach. From the results obtained in this study, it can
be concluded that the given predictive model described the stud-
ied systems very well and satisfactory throughout the investigated
range, evaluated by the analysis of variance analysis, ANOVA. Imple-
mentation of predictive model equations in numerical optimization
resulted in successful determination of design space.

The presented approach showed that classic Fenton process has
a certain potential for its industrial application as a pre-treatment
phase of wastewater treatment.
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