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ABSTRACT

Treatability of synthetic azo dye production wastewaters from Acid Blue 193 and Reactive Black 39 pro-
duction and real Reactive Black 39 production effluent via Photo-Fenton-like process was investigated.
Response surface methodology was employed to assess individual and interactive effects of critical pro-
cess parameters (Fe3*, H,0, concentrations; initial chemical oxygen demand (COD) and reaction time) on
treatment performance in terms of color, COD and total organic carbon (TOC) removal efficiencies. Opti-
mized reaction conditions for synthetic AB 193 production wastewater were established as Fe3* = 1.5 mM;
H,0, =35 mM for CODs < 200 mg/L and a reaction time of 45 min. Under these conditions, 98% color, 78%
COD and 59% TOC removals were experimentally obtained and fitted the model predictions well. The same
model also described the treatment of synthetic Reactive Black 39 production wastewater satisfactorily.
Experimentally achieved removals were considerably lower than model predictions for real Reactive Black
39 production effluent due to its high chloride content.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Dye manufacturing wastewater generally contains residual
dyestuffs, dye intermediates as well as unreacted raw materials
such as aromatic amines with alkyl-, halogen-, nitro-, hydroxyl-,
sulfonic acid-substituents, and inorganic sodium salts [1]. Waste
streams being variable in composition and strength are gener-
ated at different stages of the dye manufacturing process. The
effluent is generally characterized by its high chemical oxygen
demand (COD), total dissolved solids (TDS) content, intense color
and low biodegradability, implying the presence of recalcitrant
organic matter [1,2]. Dyes and dye intermediates can undergo
reductive processes in the aquatic environment, resulting in the
formation of potentially carcinogenic/mutagenic compounds (e.g.
naphthylamines, substituted phenylamines, benzidine analogues)

Abbreviations: ANOVA, Analysis of Variance; CCD, Central Composite Design;
COD, chemical oxygen demand (mg/L); TOC, total organic carbon (mg/L); k, reac-
tion rate constant (time~1); K, equilibrium constant; TDS, total dissolved solids
(mg/L); Amax, the wavelength of the maximum absorption band (nm); R?, corre-
lation coefficient; RSM, response surface methodology; DF, degrees of freedom;
Prob > F, probability value; F-value, Fisher variation ratio; COD,, initial chemical oxy-
gendemand (mg/L); pH,, initial pH; [Fe3*],, initial ferric ion concentration (mmol/L);
[Fe3*], ferric ion concentration (mmol/L); [H,03], hydrogen peroxide concentration
(mmol/L); [H203]o, initial hydrogen peroxide concentration (mmol/L); t;, reaction
time (min); ¢, quantum yield for photoreduction of Fe3* to Fe?*; *OH, hydroxyl rad-
ical; HO,*, hydroperoxyl radical; *OH, hydroxyl radical; HO,*, hydroperoxyl radical;
Cl*, chloride radical; Cl,*—, chlorine radical.
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and cause abnormal coloration [3]. Dye manufacturing effluent may
also contain free and complexed, toxic heavy metals (i.e. cobalt,
chromium and copper) that result from the production of metal-
complex azo dyes. Since the environmental characteristics of dye
manufacturing wastewater are not suitable for the application
of biological treatment technologies, the conventional treatment
of dye production wastewater involves adsorption, coagulation
and precipitation. However, these phase-transfer methods are not
always effective in the removal of polar and hence very water solu-
ble dyes from the effluent. Besides, both treatment processes have
major drawbacks such as disposal/treatment of the created chemi-
cal sludge or regeneration/replacement of the spent adsorbent [4].
Oxidative treatment with chlorine or ozone is another plausible
alternative for dealing with dye manufacturing effluents. Although
chlorine is a powerful oxidant, chlorination has the inherent disad-
vantage of generating organic halogenated byproducts and it appli-
cation is currently being ruled out. On the other hand, ozonation
combined with coagulation is being employed in real practice, pro-
viding efficient color but low organic carbon removal. A major draw-
back of ozonation is its high electrical energy requirement [5,6].
Recent studies indicated that so-called advanced oxidation
processes (AOPs) might be a good alternative for treating recal-
citrant and/or toxic pollutants [7]. AOPs involve the production
of strongly oxidizing agents, mainly hydroxyl radicals (*OH) that
react rapidly and almost non-selectively with most inorganic and
organic compounds including biologically difficult-to-degrade azo
dyes and dye intermediates [8]. Among the AOPs, ozonation com-
bined with H,0,, UV-C or both, H,0,/UV-C oxidation, Fenton and
Photo-Fenton treatment, heterogeneous photocatalytic processes
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mediated by the semiconductors TiO,, ZnO and CdS, electrochem-
ical processes, catalytic ultrasound (sonolysis), wet air oxidation
and supercritical water oxidation have been reported in the sci-
entific literature as effective means for the treatment of colored
aromatics such as textile azo dyes [9-12]. The advanced oxidation
of textile dyes and dyehouse effluent with Fenton and Photo-Fenton
processes have recently received great attention because of their
high efficiency in decolorization, ease of operation and relatively
low operating costs [13]. However, only few studies are available
in scientific literature dealing with the application of AOPs to treat
dye manufacturing wastewater [4,14,15] although the application
of AOPs to this type of wastewater is definitely more attractive
than treating dyehouse effluent, owing to the low volume and
high recalcitrance of dye manufacturing wastewater. In fact, some
dye manufacturing effluent streams (i.e. wastewater created dur-
ing reactor rinsing as well as dye separation/purification-reverse
osmosis-outflows) are quite suitable for photochemical oxida-
tion due to their relatively low volume and lower pollution load
(COD <500 mg/L) despite their intense color.

Fenton’s reagent (Fe%*/H,0,) involves the catalytic decom-
position of hydrogen peroxide by ferrous ions under acidic pH
conditions [16-18], whereas Photo-Fenton (Fe2*/H,0,/UV) and
Photo-Fenton-like (Fe3*/H,0,/UV) processes are its “photochem-
ically enhanced version” [19,20]. Fenton as well as Photo-Fenton
type processes are favored by acidic pH conditions (2-5) with a
distinct optimum range of pH 2.8-3.0 [20]. However, as the solu-
tion pH is higher in many cases, the necessity to acidify the reaction
medium limits the applicability of the Fenton process in practice.
Besides this strict limitation, iron hydroxide sludge is produced at
the end of the reaction which needs further treatment and disposal
as solid waste [21]. The application of UV-C and even UV-A (near-
UV) radiation during the Fenton process causes a dramatic increase
in the *OH formation efficiency thus enabling the use of lower iron
catalyst concentrations [22]:

Fe(Il)OH** + hu — Fe?t + *OH with ¢ at 347nm = 0.2 and
k=0.0012s"1 (1)

The above reaction results in the continuous support of Fe2* iron
for the direct Fenton reaction, thus minimizing the required Fe2*
concentration, enhancing the catalytic oxidation cycle and provid-
ing additional *OH. The photoreduction of ferric iron complexes is
a strong function of the irradiation wavelength (e.g. the emission
band of the UV light source) as well as reaction pH [22,23].

Using ferric iron was preferred in this experimental study con-
sidering our previous experimental findings [9] reporting that
hydrogen peroxide consumption is more efficient during the Photo-
Fenton-like process as compared with the Photo-Fenton process
since initially there is no ferrous iron in the reaction solution and its
formation depends on the photoreduction of Fe3*-complexes and
the dark Fenton-like process;

Fe3* + H,0, — Fe2t + Ht +HO,* (2)

Since Photo-Fenton-like oxidation is affected by numerous pro-
cess parameters such as iron (catalyst) concentration, hydrogen
peroxide (oxidant) concentration, reaction pH and initial pollutant
concentration (COD and TOC); working conditions are case-specific
and need to be carefully optimized. The majority of recent stud-
ies concerned with the effect of these process variables on the
treatment efficiency and reaction kinetics were performed using
a rather one-factor-at-a-time approach, where one parameter was
varied thereby keeping the others constant. However, the process
parameters may involve synergistic effects, as a result of complex
interactions between the process variables. Hence, the applica-
tion of conventional optimization techniques is not adequate for

process optimization, very time consuming, and does not neces-
sarily allow a precise process optimization. As to overcome these
drawbacks, experimental process optimization should be based on
statistical design tools. In the design and statistical evaluation of
experiments, response surface methodology (RSM) can be used for
process optimization and prediction of the interaction between
process variables, reducing the numbers and thus the time and
associated costs spent for conducting these experiments [24]. RSM
has already proven to be a reliable statistical tool in the investiga-
tion of chemical treatment processes [25]. RSM has been applied
in numerous studies to optimize treatment of textile dyes and sim-
ulated/real dyehouse effluent [26-31]. As far as we are concerned,
no scientific work has been published dealing with the application
of RSM to treat azo dye manufacturing wastewater so far. The rela-
tively low volume, neutral-to-slightly acidic pH as well as refractory
organic carbon content of textile production effluent render it an
ideal candidate for treatment with iron-based advanced oxidation
processes.

Considering the above-mentioned facts, the present work aimed
at investigating the treatability of synthetic and real azo dye pro-
duction wastewaters with the Photo-Fenton-like process. RSM was
applied to assess the individual and interactive effects of several
operating parameters on treatment efficiency. Central Composite
Design (CCD), which is the most widely used form of RSM, was
employed to evaluate the effect of important process variables
(irradiation time, catalyst and oxidant concentration, organic car-
bon content of the wastewater) on color, COD and TOC removal
efficiencies. Process modeling and optimization studies focused
on synthetic effluent originating from Acid Blue 193 production
(reactor washing stage) and model predictions were experimen-
tally validated. Photo-Fenton-like oxidation of synthetic Reactive
Black 39 (reactor washing stage) and real Reactive Black 39 (reverse
osmosis purification stage) production effluent was also performed
under optimized working conditions established by the model for
Acid Blue 193 production effluent. In this context, the applicability
of the derived model predictions on Photo-Fenton-like treatment
of several azo dye production effluents could be explored more
comprehensively.

2. Materials and methods
2.1. Azo dye production wastewaters

Synthetic Acid Blue 193 (a chromium complex disazo dye; AB
193)and Reactive Black 39 (a disazo dye; RB 39) production wastew-
aters were prepared to simulate effluent originating from the azo
dye synthesis reactor washing stages. In order to attain uniformity
throughout the optimization experiments, synthetic wastewaters
were prepared by dissolving the synthesized, azo dye formula-
tions (obtained prior to their purification) supplied by a local
dye manufacturing company, in distilled water. Synthetic AB 193
production effluent samples that were used throughout the opti-
mization runs were daily prepared to attain effluent CODs of 100,
150, 200, 250 and 300 mg/L. The studied COD range was selected
upon consideration of typical process and effluent conditions at
textile dye manufacturing plants, while increments of 50 mg/L COD
were determined according to the employed RSM. Synthetic RB 39
production wastewater was prepared to attain a COD of around
200mg/L, so that optimum Photo-Fenton-like conditions estab-
lished for the COD range 150-200 mg/L via RSM could be applied.

Real RB 39 dye production wastewater (RB 39-RO) was provided
by the same company from where the raw RB 193 and RB 39 dyes
were obtained. The real effluent was taken from a holding tank con-
taining the permeate produced during reverse osmosis RB 39 purifi-
cation. This effluent was diluted three times with distilled water
in order to attain a COD of <200 mg/L. Some environmental char-
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Table 1

Environmental characteristics of the synthetic and real azo dye production wastewaters.

Parameter AB 193 (COD =200 mg/L)

RB 39 (COD =195 mg/L) RB 39? (COD =165 mg/L)

Absorbance, Amax (cm~1) 3.512 at 576 nm

TOC (mg/L) 65
Cl- (mg/L) 130
pH 6.0

9.310 at 611 nm 4.792 at 611 nm

72 66
190 3500
6.0 58

2 Real effluent from reverse osmosis separation purification permeate.

acteristics of the three azo dye production effluents were given in
Table 1.

2.2. Other reagents and supplies

35% (w/v) Hy O, (Fluka), was stored in a cool room and used as
received without any dilution. The ferric iron catalyst source was
prepared for daily use by dissolving Fe(NO3)3-9H,0 (Fluka), in dis-
tilled water to obtain a 10% (w/v) stock solution. The approximate
amount of residual H, O, was determined using Peroxide Quant test
strips (Aldrich) and Catalase enzyme (Fluka, obtained from Micro-
coccus lyseidicticus; 1 activity unit destroys 1 wmol H,0; at pH 7,
200181 AU/mL) was used to destroy unreacted H,O, that may pos-
itively interfere with COD measurements. Several concentrations
of HNO3 and NaOH (Merck) solutions were prepared for pH adjust-
ment at any stage of the experiments.

2.3. Photo-Fenton-like experiments

Photo-Fenton-like oxidation of azo dye production wastewaters
were carried out in 100 mL capacity cylindrical Pyrex glass reaction
vessels. UV-A irradiation was performed with a 150 W black light
bulb lamp, emitting radiation between 310 and 390 nm and hav-
ing a maximum emission band at 360 nm. The incident light flux of
the UV-A lamp was determined as 2.6 x 10> Einstein/min by fer-
rioxalate actinometry [32]. The photoreactor was located inside a
box (dimensions =60 cm x 40 cm x 55 cm) with its three inner sides
covered by mirrors enabling efficient UV-A light distribution across
the reaction vessel. First, Fe3* catalyst was added to the pH-adjusted
reaction solution and a sample t=0 was taken under continuous
stirring of the vessel at 100 rpm to ensure sufficient aeration at the
same time. Thereafter, the reaction solution was located under the
UV-A lamp which was turned on 20 min before the start of the reac-
tion to obtain a constant light emission. Photo-Fenton-like reaction
was initiated by the addition of proper amounts of H,0, oxidant.
Samples were taken regularly during the course of the photochem-
ical experiments for up to 60 min. In order to avoid changes in
irradiated volume, the reaction was restarted after each sampling
period. Absorbance measurements were done immediately after
the samples were taken while COD and TOC measurements were
conducted after pH re-adjustment to around 7.0 followed by filtra-
tion through 0.45 pwm Millipore membranes to remove the formed
ferric hydroxide precipitate.

2.4. Analytical procedures

All measurements were done at least in duplicate. Through-
out all experimental runs, color was directly recorded on a
Novespec II/Pharmacia LKB spectrophotometer at the maximum
absorption bands (Amax Vvalues) of synthetic AB 193 (=576 nm)
and synthetic/real RB 39 production (=611 nm) wastewaters. The
TOC values of all filtered samples were determined on a Shi-
madzu TC (total carbon) Vpcy carbon analyzer equipped with an
autosampler. COD analyses of the synthetic azo dye production
wastewaters were carried out according to ISO 6060 [33] by the
closed reflux, titrimetric method, whereas the CODs of the real azo

dye production effluent (the permeate of the reverse osmosis dye
separation/purification stage) were determined in accordance with
DIN 38 409 H 41-2 [34] by the open reflux, titrimetric method,
due to its high chloride content. The pH was measured with a
Thermo Orion model 520 pH-meter at any stage of the experiments.
Chloride measurements were conducted according to the mercuric
nitrate method as described in standard methods [35].

2.5. Experimental design, data analysis and process optimization

RSM is a statistical method being useful for the optimization of
chemical reactions and/or industrial processes and widely used for
experimental design [25]. Whenever multiple system variables may
influence the outputs, RSM can be utilized to assess the relationship
between dependent (response) and independent variables as well
as to optimize the relevant processes [36].

RSM employs a low-order polynomial equation in a pre-
determined region of the independent variables, which are later on
analyzed to locate the optimum values of independent variables
to obtain the best (highest) response [37]. Process optimiza-
tion by RSM is faster for gathering experimental research results
than the rather conventional, time consuming one-factor-at-a-time
approach [24].

In the present study, Central Composite Design (CCD), which is
a widely used form of RSM was employed for the optimization of
Photo-Fenton-like treatment of azo dye production wastewater. It
is an ideal design tool for sequential experimentation and allows
testing the lack of fit when an adequate number of experimental
values are available. A four-factorial, five-level CCD consisting of 26
experimental runs was performed in the present work, including
two replications at the center point. Initial Fe3* and H,0, concen-
trations, initial CODs of the wastewater and reaction time (t;) were
considered as the independent, process-specific variables, while
percent color, COD and TOC removal efficiencies were considered
as the dependent variables (responses). Values of the independent
variables and their variation limits were determined basing on the
related scientific literature as well as experimental results obtained
in preliminary studies conducted with azo dye and are presented
in Table 2.

Experimental data were analyzed using the trial version of
Design-Expert 6.0.7 software and fitted to a second-order poly-
nomial equation. The following function was employed to attain
the interaction between the dependent and independent variables
[38]:

Y= bo—i—zbixi-i-zbiix,‘z +Zbifxixf (3)

Table 2
Experimental range and levels of independent process variables.

Process variables Code Real values of the coded levels

-2 -1 0 1 2
[Fe**]o, mM X 0.5 15 2.5 35 45
[H202]o, mM X3 25 35 45 55 65
tr, min X3 0 15 30 45 60
COD,, mg/L X4 100 150 200 250 300




1. Arslan-Alaton et al. / Journal of Photochemistry and Photobiology A: Chemistry 202 (2009) 142-153 145

Table 3

Experimental design matrix and response based on experimental runs and predicted values on color, COD and TOC removals (%) proposed by CCD design.

Run Independent variables Response (Y, %)
X1 Xo X3 Xa Experimental Predicted
[Fe3*], (mM) [H202], (mM) t; (min) COD, (mg/L) Color COD TOC Color COD TOC
1 1.5 55 15 250 96 45 32 89 53 32
2 2.5 45 30 200 97 78 51 97 78 51
3 2.5 65 30 200 98 78 49 100 76 44
4 2.5 45 30 100 98 73 78 100 79 73
5 2.5 45 0 200 36 49 31 60 55 34
6 3.5 55 15 150 97 78 48 90 76 51
7 3.5 35 45 250 96 78 55 99 83 56
8 4.5 45 30 200 97 83 53 100 87 54
9 3.5 55 45 250 98 84 57 100 86 56
10 3.5 55 45 150 99 80 59 100 82 61
1 1.5 35 45 250 98 74 49 100 77 51
12 1.5 55 15 150 98 70 48 90 65 47
13 1.5 55 45 250 98 63 39 100 68 46
14 1.5 35 15 150 96 73 43 89 73 49
15 3.5 55 15 250 97 81 51 89 77 50
16 2.5 25 30 200 96 81 48 100 81 47
17 2.5 45 60 200 98 83 74 83 75 65
18 3.5 35 45 150 97 83 60 99 77 65
19 0.5 45 30 200 97 77 51 100 70 45
20 3.5 35 15 250 95 76 44 87 76 44
21 2.5 45 30 200 97 78 51 97 78 51
22 2.5 45 30 300 98 81 50 100 73 49
23 1.5 35 45 150 98 80 74 100 85 74
24 1.5 35 15 250 96 64 31 89 63 30
25 3.5 35 15 150 95 76 55 88 72 48
26 1.5 55 45 150 98 76 60 100 78 66

In this equation, Y represents the predicted dependent variables
(responses), X;’s are the independent variables, by is the con-
stant coefficient and b;, b;; and bj; are the interaction coefficients.
The quality of the fit of polynomial model was expressed by the
value of correlation coefficient (R?). The model F-value (Fisher vari-
ation ratio), probability value (Prob>F) and adequate precision
are the main indicators showing the significance and adequacy
of the employed model. Simultaneous consideration of multiple
responses involves first of all building an appropriate response
surface model and thereafter searching for a set of working condi-
tions that optimize all responses or at least keeps them in desired
ranges [25]. The optimization module in Design-Expert searches
for a combination of factor levels that simultaneously satisfy the
requirements placed on each of the responses. For process opti-
mization, the desired goals for each process (independent) variable
and response (dependent) should be established first. In the present
study, desired goals for the responses (percent color, COD and
TOC removals) were chosen as to “maximize”, while process vari-
ables (initial Fe3* and H,0, concentrations, reaction time) were
selected to be “within the range”. Then, these individual goals were
combined into an overall desirability function by the software for
maximization to find the best local maximum [39].

3. Results and discussion

3.1. Model results for Photo-Fenton-like oxidation of synthetic
Acid Blue 193 production wastewater

Synthetic AB 193 production wastewater was prepared at vary-
ing CODs and subjected to Photo-Fenton-like treatment under
different conditions in accordance with the experimental runs
indicated by the model. The complete 26 numbers of the experi-
mental design matrix and responses based on experimental runs
and predicted values on percent color, COD and TOC removals pro-
posed by CCD are given in Table 3. The observed percent COD
and TOC removal efficiencies varied between 45-84% and 31-78%,

respectively, and the model predictions matched these experimen-
tal results satisfactorily. On the other hand, as is also evident in
Table 3, percent color removal efficiencies varied between 97 and
99%, but the predicted values did not fit the experimental ones
very well. Based on these results, an empirical relationship between
the responses and independent variables were attained for AB 193
production effluent and expressed by the following second-order
polynomial equations;

color removal (%) = 108.38271 — 7.52042 - Fe3* — 0.90554H,0,
+2.11956 - t; — 0.19504 - COD
+1.20729 - (Fe3+)” 1 0.010723 - (H50,)?
—0.028240 - (t;)% + 5.11417 - 104 . COD?
+0.034125 - Fe3* . H,0, — 8.33333
x 107 . Fe3* ., — 1.1 x 1073 . Fe3* . COD
~1.15x 1073 . Hy05 - t; — 2.65 x 107% . H,0,
.COD +4.5 x 107> - t, - COD (4)

COD removal (%) = 109.71042 — 20.15354 - Fe3* — 0.86098 - H,0,
+1.25633 - t; — 0.10762 - COD + 0.20365
(Fe3*)? +2.32396 x 1072 - (Hy0,)% — 0.0142
(tr)* — 1.68542 x 10~* . COD? + 0.29356
Fe>* . H,0, — 0.11279 - Fe>* - t; + 0.068163
.Fe3*.COD +7.625 x 107 . H,0; - t;
—1.18625 x 103 . H,0, - COD + 8.92500
x107* .t - COD (5)
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Table 4

ANOVA results of the quadratic polynomial model for photo-Fenton-like treatment of synthetic AB 193 production wastewater.
Source Sum of squares Degrees of freedom Mean square F-value Prob>F
Model 2173.04 14 155.22 1.21 0.3807
Residual 1410.88 11 128.26

Color removal Lack of fit 1410.88 10 141.09
Pure error 0.00 1 0.00
R?=0.6063, adequate precision=4.920
Model 1811.46 14 129.39 2.74 0.050
Residual 520.16 11 47.29

COD removal Lack of fit 520.16 10 52.02
Pure error 0.00 1 0.00
R? =0.7769, adequate precision =6.565
Model 3099.00 14 221.36 6.70 0.0016
Residual 363.58 1 33.05

TOC removal Lack of fit 363.58 10 36.36
Pure error 0.00 1 0.00

R? =0.8950, adequate precision =10.179

TOC removal (%) = 96.61344 — 10.63333 Fe3* + 0.84571 - H,0,
+1.78315 - t; — 0.74934 - COD — 0.44531
(Fe3*)’ — 0.013791 - (H;0,)* — 1.85694
x1072 - (t;)* + 1.00438 x 10> . COD?
+0.10631 - Fe3* . H,0, — 0.14596 - Fe3+ . t;
+0.073763 - Fe3* . COD — 0.010996 - H,0, - t;
+1.95625 x 107> - H,0, - COD — 1.47917
x 1073 . t, - COD (6)

The model adequacy check is an integral part of the data analysis
as the approximating model functions would give poor or mislead-
ing results if the fit is inadequate [30]. Table 4 shows the Analysis
of Variance (ANOVA) results of the established model for percent
color, COD and TOC removals. The mean squares were obtained by
dividing the sum of squares of each of the two sources of varia-
tion, the model and the error (residual) variance, by the respective
degrees of freedom (DF). The model F-value was calculated by divid-
ing the model mean square by residual mean square.

Values of Prob>F less than 0.0500 imply that the model is
significant, whereas the values greater than 0.1000 are usually
considered as insignificant. Prob>F values of 0.0500 and 0.0016
denote the employed models are significant for percent COD and
TOC removals, respectively. On the other hand, the model F-value
(1.2100) and the high Prob > F value (0.3807) obtained for percent
color removals reveal that the model is insignificant for the color
removal response; this is not surprising, since color abatement
occurs promptly (within seconds) under all experimental condi-
tions. Hence, it is quite difficult to model color removal based on the
same time intervals set for COD and TOC removals because nearly
complete decolorization could be achieved at these reaction times.

The R? value of the response variables followed the order of
R (10c) > R%(cop) > R?(color)- The highest R? obtained for TOC removal
efficiency denotes that 89.5% of the total variation could be repre-
sented by the established model expressing a satisfactory quadratic
fit. However, in terms of color removal, only around 60% of the total
variation could be explained by the model (R? =0.6063). The ade-
quate precision ratios 0f 4.920, 6.565 and 10.179 derived for percent
color, COD and TOC removals, respectively, indicate an adequate
signal for all response variables. Considering the above explained
ANOVA test results, the model application explained the reaction
quite well and can be employed to navigate the design space at least
in terms of COD and TOC removal efficiencies.

3.2. Response surface and contour plots for Photo-Fenton-like
treatment of synthetic Acid Blue 193 production wastewater

The three-dimensional (3D) response surface and two-
dimensional (2D) contour plots of the model-predicted responses,
while two variables kept at constant and the others varying within
the experimental ranges, were obtained by the Design-Expert soft-
ware and utilized to assess the interactive relationships between
the process variables and treatment outputs for Photo-Fenton-like
treatment of AB 193 production wastewater. In order to save space,
only the most interesting and informative 3D and 2D plots were
presented below.

3.2.1. Effect of Fe3* concentration and initial COD on color
removal

Percent color removal efficiencies obtained as a function of Fe3*
catalyst concentration and initial COD of synthetic AB 193 produc-
tion wastewater was depicted in Fig. 1(a) and (b) as 2D and 3D
plots, respectively. As aforementioned, high removal efficiencies
(97-99%) were obtained under all working conditions, implying
that changes in the process variables of Fe* concentration and ini-
tial COD within the specified range do not have a significant impact
on color removals.

3.2.2. Effect of Fe3* concentration and initial COD on COD removal

Fig. 2(a) and (b) shows the two- and three-dimensional inter-
actions of initial Fe3* concentration and initial effluent CODs in
terms of percent COD removals, respectively. When the initial COD
of the effluent was around 150 mg/L, at least 83% COD removal was
obtained even with 1.5 mM Fe3* in the presence of 35 mM H,0, and
areaction time of 45 min. An increase in the applied Fe3* concentra-
tion significantly retarded the COD removals at CODs <200 mg/L,
which may be attributed to the free radical scavenging effect of
excessive (“overdosed”) Fe3* [Fe* concentrations [40];

Fe?t +*OH — Fe3* + OH™, k=3.0x10°M's! (7)

A decrease in the available Fe?* concentration produced via pho-
toreduction of Fe(OH),* complexes will also inhibit the direct
Fenton reaction. Negative effects of excessive Fe2* concentration
on treatment efficiency was also reported by Giroto et al. [41], who
investigated Photo-Fenton oxidation of polyvinyl alcohol using an
empirical model based on neural networks.

Onthe other hand, as is evident from the same figure, an increase
in Fe3* concentration improved the COD removal efficiency at
higher organic carbon loads (COD >200 mg/L), obviously implying
that the interactive effects of the Fenton reagents depend on the
amount of organic matter to be oxidized. According to our kinetic
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Fig. 1. Contour (a) and response surface (b) plots for percent color removal from
synthetic AB 193 production wastewater as a function of initial Fe3* concentration
and CODs (t; =45 min; initial H,O, concentration =35 mM).

model, the applied Fe3* concentration should be elevated to 3.5 mM
to maintain the same COD removal efficiency for initial effluent
CODs of 250 mg/L.

3.2.3. Effect of Fe3* concentration and initial COD on TOC removal

Fig. 3 displays the 2D (a) and 3D (b) plots for percent TOC
removal efficiencies as a function of initial Fe3* concentration and
effluent initial COD (at a fixed H,0O, concentration of 35mM and
tr=45min). As it is clear from the response contour and surface
plots, TOC removal had its peak value while both of the process
variables were kept at minimum. As expected, increasing the efflu-
ent COD from 150 to 250 mg/L resulted in a dramatic decrease in
percent TOC removals from 70 to 54%, indicating that the treatment
efficiency is strong function of the effluent’s initial organic carbon
content.

Generally speaking, pseudo-first order kinetics has been applied
to describe pollutant abatements for advanced oxidation processes,
provided that sufficient amounts of reagents are available in the
reaction medium. When these conditions are satisfied, an increase
in oxidation rate and efficiency is expected with increasing pol-
lutant concentration (COD and TOC). However in former-related
studies it was demonstrated that treatment efficiencies were
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Fig. 2. Contour (a) and response surface (b) plots for percent COD removal from
synthetic AB 193 production wastewater as a function of initial Fe>* concentration
and CODs (t; =45 min; initial H,O, concentration =35 mM).

reduced upon increasing the initial pollutant concentration [42]
emphasizing that at least one of the reactant was not available in
sufficient amounts. As can be seen from Fig. 3(a) and (b), mineral-
ization of synthetic AB 193 production wastewater could globally
not be represented by first-order abatement kinetics, probably due
to the rate-limiting concentration of H,O,. At lower initial effluent
CODs (<200 mg/L), TOC removals decreased with increasing Fe3*
concentration due to the aforementioned *OH scavenging impact.
However, the inhibitory effect of increasing Fe3* concentration on
TOC removal rate was less significant than its effect on percent COD
removals.

3.2.4. Effect of H;0, concentration and initial COD on color
removal

Fig. 4(a) and (b) illustrates the effect of HO, concentration and
initial COD upon color removals for Fe3*=1.5mM and t; =45 min.
As is obvious from Fig. 4, at least 98% color removal was obtained
under all experimental conditions.
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Fig. 3. Contour (a) and response surface (b) plots for percent TOC removal from
synthetic AB 193 production wastewater as a function of initial Fe** concentration
and CODs (t; =45 min,; initial H,O, concentration =35 mM).

3.2.5. Effect of H,0, concentration and initial COD on COD
removal

Fig. 5 presents the contour (a) and response surface (b) plots
as an estimate of percent COD removals as a function of the
two process variables H,O, concentration and initial effluent COD
(Fe3* = 1.5 mM; t; =45 min), respectively. As can be understood from
Fig.5,increasing the initial H, O, concentration had a negative effect
on COD removal at all selected initial CODs revealing that a concen-
tration of 35 mM H, 0, was by far sufficient for the partial oxidation
of synthetic AB 193 production effluent in the presence of 1.5 mM
Fe3*. The reduction in treatment efficiency with increasing H,0,
concentration was probably due to the inhibitory (free radical scav-
enging) effect of excessive H,0, which can be expressed by the
following reaction [43];

H,0; +*OH — H;0 +HOp*,  k=2.7x10"M~'s7! (8)

On the other hand, when a higher Fe3* concentration was avail-
able; COD removals increased with increasing H,0, concentration
reaching their maximum values (83%) when both of the reactants
were kept at their highest studied concentrations. For instance, a
COD removal of <80% is desired, using low concentrations of both
Fenton reagents might be an attractive option from both environ-
mental and economical points of view. However, if higher COD

250.0

COD (mg/L)

I
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(a) H,0, Concentration (mM)

Color Removal (%)
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Fig. 4. Contour (a) and response surface (b) plots for percent color removal from
synthetic AB 193 production wastewater as a function of initial H,O, concentration
and CODs (t; =45 min; initial Fe** concentration=1.5mM).

removal efficiencies are desired (>80%), the Fe3* and H,0, concen-
trations should be elevated to 3 and 50 mM, respectively, speaking
for a specific, critical “Fe3*:H,0,” range that should be determined
for each treatment case in order to achieve maximum COD removal.
Selecting a pollutant specific optimum ratio between H,0, and
Fe2*/Fe3* is important in Fe-based AOPs, since *OH-scavenging
reactions decreasing the oxidation efficiency occur in the presence
of an excess of one of the two reagents [40].

Again, increasing the initial COD of AB 193 production wastew-
ater led to a significant reduction in treatment efficiencies; COD
removal was below 70% for an initial COD of 250 mg/L (H,0, con-
centration =35 mM).

3.2.6. Effect of H;0, concentration and initial COD on TOC
removal

Fig. 6 shows the response contour (a) and surface plots (b)
for TOC removal as a function of H,O, concentrations and initial
effluent CODs for t;=45min and Fe3*=15mM. As is clear from
Fig. 6, the highest TOC removal (72%) occurred when as in the
case of COD removal, both of the independent parameters (H,0,
and initial COD) were kept at their minimum. A considerable
decrease in TOC removal efficiency was observed upon elevating
effluent COD at all initial H,O, concentrations indicating that
pseudo-first order kinetics are definitely not applicable to describe
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Fig. 5. Contour (a) and response surface (b) plots for percent COD removal from
synthetic AB 193 production wastewater as a function of initial H,O, concentration
and CODs (t; =45 min; initial Fe3* concentration=1.5 mM).

COD and TOC removals from AB 193 production wastewater via
Photo-Fenton-like treatment, speculatively due to the rate-limiting
Fe3* concentration (1.5mM). As is also evident from the figure,
increasing the H,O, concentration also reduced TOC removal
efficiencies. However, its effect on TOC removal was less significant
relative to the process variable “initial effluent COD”.

3.3. Optimization of Photo-Fenton-like treatment of synthetic
Acid Blue 193 production wastewater

In case of multiple responses, RSM sets forth a set of specific
working conditions that in some sense maximizes all responses
or at least keeps them in the desired ranges [25]. In the present
study, the desired goals in terms of color, COD and TOC removal effi-
ciencies were defined as “maximize” to achieve highest treatment

Table 5
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Fig. 6. Contour (a) and response surface (b) plots for percent TOC removal from
synthetic AB 193 production wastewater as a function of initial H,O, concentration
and CODs (t; =45 min; initial Fe3* concentration= 1.5 mM).

performance, while the process variables Fe3*, H, 0, concentrations
and t; were selected to be “in the range” without consideration of
operating (chemicals and electrical energy) costs. Accordingly, the
optimum working conditions and respective percent removal effi-
ciencies were established for varying initial effluent CODs (local
optimum values). Results were presented in Table 5.

As can be seen from Table 5, for an initial effluent COD
of 200 mg/L, the model predicts 99% color, 81% COD and 60%
TOC removals under optimized working conditions (1.5 mM Fe3*;
35mM H;,0;; t; =45 min). Table 5 also indicates that optimum con-
ditions for 200 mg/L COD were found identical to those predicted in
case of 150 mg/L COD. When the initial COD of the effluent increased
to 250mg/L, both Fe3* and H,0, concentration also needed to

Optimum working conditions established for Photo-Fenton-like treatment of synthetic AB 193 production wastewater according to RSM at varying effluent CODs.

COD, (mg/L) [Fe3*], (mM) [H202], (mM) t; (min) Color removal (%) COD removal (%) TOC removal (%) Desirability factor
150 1.5 35 45 100 85 74 0.98
200 1.5 35 45 99 81 60 0.84
250 3.5 44 45 99 84 57 0.83
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Fig. 7. Experimental and predicted percent color (a), COD (b) and TOC (c) removal efficiencies observed for synthetic Acid Blue 193 production wastewater at COD, =200 mg/L,

[Fe3*], = 1.5mM; [H203 ], =35 mM; pH, 2.8.

be raised to higher values to maintain high treatment efficien-
cies in terms of all selected response variables (color, COD and
TOC).

3.4. Application of optimized Photo-Fenton-like treatment
conditions to synthetic Acid Blue 193 production wastewater

Experimentally obtained removal efficiencies for Photo-Fenton-
like treatment of synthetic Acid Blue 193 production wastewater
(COD, =200 mg/L) were compared with the values predicted by the
model to confirm the validity of the optimization procedure under
the process conditions established for an initial COD of 200 mg/L.
Fig. 7 gives experimentally and model-predicted changes in per-
cent color (a), COD (b) and TOC (c) removal rates as a function of
Photo-Fenton-like treatment time, under optimized working con-
ditions.

As is evident from Fig. 7(a)-(c), actual and predicted color, COD
as well as TOC removal efficiencies were rather close to each other,
implying that the removal efficiencies estimated by the empirical
model were quite well validated by the experimentally obtained
results. For instance, experimentally observed and modeled percent
removal efficiencies obtained after 45 min Photo-Fenton-like treat-
ment under optimized working conditions were found as 98 and
99%, 78 and 81%, 59 and 60% in terms color, COD and TOC param-
eters, respectively. Experimental findings for color, COD and TOC
abatement rates revealed that by RSM-based process optimization
using CCD, it was possible to save considerable time and effort for
the estimation of optimum working conditions to achieve highest
treatment efficiencies.

3.5. Model verification on Photo-Fenton-like oxidation of
synthetic and real Reactive Black 39 production wastewater

Synthetic and real RB 39 production wastewaters were also
subjected to Photo-Fenton-like treatment under optimum work-
ing conditions determined for acid dye (AB 193) production
wastewater. In this way, the validity of the RSM-predicted pro-
cess optimums could be verified by applying the empirical model
for Photo-Fenton-like treatment of different and real azo dye
production effluents. As aforementioned, the optimum working
conditions were established as Fe3*=1.5mM, H,0,=35mM and
tr =45 min for effluents having a COD in the range of 150-200 mg/L.
RSM-predicted and experimentally obtained treatment efficien-
cies (response variables) under these conditions were summarized
in Table 6 for real and synthetic RB 39 production wastewa-
ter.

As can be seen from Table 6, in the case of synthetic RB 39
production wastewater, experimentally achieved percent color
and COD removal (100 and 84%, respectively) were slightly higher
than those foreseen by the empirical model, namely 99% color and
82% COD removals. These slight discrepancies are speculatively
due to the differences in molecular structures of AB 193 and
RB 39 and/or their concentrations in the synthetic dye produc-
tion wastewater. On the other hand, TOC removal efficiencies
experimentally obtained for synthetic RB 39 production wastew-
ater were appreciably lower (53%) as compared with the model
prediction (61%) for its initial COD content, indicating that the
complete mineralization of RB 39 production effluent is a harder
task than that of AB 193 production effluent as a consequence
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Table 6

151

Model-predicted and experimentally obtained percent color, COD and TOC removal efficiencies obtained for Photo-Fenton-like treatment of synthetic and real RB 39 production

effluent under optimized working conditions (Fe3* = 1.5 mM; H,0, =35 mM; t; =45 min).

Responses Synthetic RB 39 production wastewater (COD, = 195 mg/L) Real RB 39 production wastewater (COD, = 165 mg/L)
Model Experimental Model Experimental

Color removal (%) 99 100 100 100

COD removal (%) 82 84 84 69

TOC removal (%) 61 53 70 37

DF? 0.85 - 0.94 -

a Desirability factor.

again of differences in molecular structure and/or composition
as well as type and quantity of intermediate advanced oxidation
products.

In case of real RB 39 production effluent (COD, =165 mg/L),
although 100% decolorization was experimentally achieved within
the treatment time (t; =45 min) anticipated by the model, a signifi-
cant retardation occurred as compared to the color abatement rate
of the synthetic RB 39 production wastewater, as can be seen from
Fig. 8 presenting changes in color, COD and TOC removals during
Photo-Fenton-like treatment of synthetic and real RB 193 produc-
tion effluent. Moreover, experimentally achieved percent COD and
TOC removal rates were found considerably lower than estimated
by the model predictions, as is evident in Table 6 and Fig. 8(b) and
().

The significant decrease in treatment efficiency observed for real
RB 39 production wastewater was attributable to its high Cl~ con-
centration (3500 mg/L) as compared to that of the synthetic azo
dye production wastewaters (see characterization Table 1 for com-
parison). It has been reported in former studies Cl~ react with
*OH under acidic pH conditions thus acting as strong free radi-

cal scavengers [44] dramatically retarding the oxidation rate and
efficiency of advanced oxidation processes as given in reaction

(8):
ClI” +°0H — CIOH*~ k.o - = 3.0 x 10°(M~"s7")(at pH 2-3)
9)

In addition, former studies have also postulated that when more
than 0.1 M CI~ ion is added to the Photo-assisted Fenton reaction
at pH 2-3, UV-photolysis of in situ formed FeCl?* complexes occur
that effectively compete with Fe(OH)2* complexes for UV-A light
and hence decrease the *OH production rate [45]:

Fe3* + ClI~ < FeCI** K =5.34M"! (10)
FeCl’* + hu — Fe?™ +Cl* ¢ at 347nm = 0.5 (11)
Cl*+Cl~ - Cl* k;=2x100M 15! (12)

The radical species Cl*/Cl,*~ rapidly undergo undesired chlo-
rination reactions with organic compounds (R) leading to the
formation of potentially toxic and/or carcinogenic RCI (also known
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Fig. 8. Time-dependent changes in percent color (a), COD (b) and TOC (c) removal efficiencies experimentally obtained for synthetic (COD, =195 mg/L) and real
(COD, =165 mg/L) RB 39 production effluents during Photo-Fenton-like treatment. Experimental conditions: [Fe3*], = 1.5 mM; [H20;], =35 mM; pH, =2.8.



152 L. Arslan-Alaton et al. / Journal of Photochemistry and Photobiology A: Chemistry 202 (2009) 142-153

as adsorbable organic halogens; AOX) [45];

R+CI*/Cl,*~ — RCl ky =3.7x10’M~1s7!
Acid Orange 7 (Orange II) (13)

On the other hand, CI*/Cl,*~ also consume H, 0, to form the less
powerful free radical HO,* [45];

Cl* + Hy0y, — HO2* +CI™ + H* k3 =1x10"M's™! (14)
Cl*~ +Hy05 — HO»* +2C1" +H* ks =9x 10°M 15! (15)

The above given side reactions delineate that the Photo-Fenton-
like treatment of industrial effluents with high chloride content in
not only relatively less efficient but also less attractive from the
environmental point of view.

4. Conclusions

The present experimental study aimed at investigating the
treatability of azo dye production wastewaters via Photo-Fenton-
like advanced oxidation process under varying working conditions.
For this purpose, synthetic Acid Blue 193 and Reactive Black
39 production wastewaters from the synthesis reactor rinsing
stage as well as real Reactive Black 39 production wastewater
from the reverse osmosis purification stage of the azo dye man-
ufacturing process were selected as model effluents. Response
surface methodology was applied to assess the individual and
interactive effects of several critical process parameters on decol-
orization and organic carbon (COD and TOC) abatement rates
and to optimize the Photo-Fenton-like treatment process. The
model polynomial functions derived from the experimental data
expressed the empirical relationship between the independent,
manipulating process variables (Fe3*, H,0, concentrations, ini-
tial COD and reaction time) and responses (color, COD and TOC
removals) for Photo-Fenton-like treatment of Acid Blue 193 produc-
tion effluent. The established models were also used to characterize
and optimize the Photo-Fenton-like treatment of synthetic and
real Reactive Black 39 production effluents. Experimental find-
ings have revealed that Photo-Fenton-like advanced oxidation is
an effective treatment method for complete decolorization accom-
panied with appreciable COD and TOC removals from azo dye
production wastewater. The obtained results demonstrated the
usefulness of response surface methodology in predicting the treat-
ment performance of the Photo-Fenton-like process as well as
the interactive effects of manipulating process variables. How-
ever, it should be kept in mind that the treatment efficiencies
and kinetics may vary such that empirical models may fail to
predict radical changes in effluent composition and strength. For
instance, considering our experimental results it is strongly rec-
ommended to determine the chloride content of the wastewater
prior to application of Photo-Fenton-like treatment, since treat-
ment efficiency of Fe-based photochemical advanced oxidation
processes might be considerably reduced in case of high chlo-
ride concentrations acting as free radical scavengers at acidic
pHs.
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