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a b s t r a c t

In the present study, Photo-Fenton oxidation of the commercially important K-acid (2-naphthylamine-
3,6,8-trisulfonic acid) was optimized and modeled by employing response surface methodology and
central composite design. The experimental design tool was used to assess the influence of treatment
time (tr), initial COD of aqueous K-acid solutions (CODo) as well as H2O2 and Fe2+ concentrations on K-
acid, COD and TOC removal efficiencies. According to the established second-order polynomial regression
models, K-acid removal efficiency was affected by the process variables in the following decreasing order;
tr > CODo (negative impact) > Fe2+ > H2O2, while the effect on COD and TOC removals was CODo (negative

2+

-acid
dvanced oxidation processes
hoto-Fenton treatment
esponse surface methodology
entral composite design

impact) > H2O2 > tr > Fe . Analysis of variance indicated that the experimental design models obtained
for the Photo-Fenton oxidation of aqueous K-acid and its organic carbon content (expressed as COD and
TOC) were statistically significant and satisfactorily described the treatment process for the entire Photo-
Fenton treatment period (up to 125 min) as well as different treatment targets (partial and full oxidation)
and initial COD values (150–750 mg/L). Complete K-acid removal accompanied with high COD (70–100%)
and TOC (55–100%) abatements were achieved under relatively mild Photo-Fenton treatment conditions.
. Introduction

Naphthalene sulfonates are used as solubilizing and dispersing
gents in a wide range of industrial product formulations including
ptical brighteners, pesticides, ion exchange resins, pharmaceuti-
als and plasticizers [1]. Besides, naphthalene sulfonates including
-acid, J-acid and K-acid are naphthylamine sulfonic acid deriva-

ives being frequently used in textile dye manufacture and hence
heir production is of considerable economic importance. From the
nvironmental point of view, the fate of naphthalene sulfonates
nd their metabolites in biological treatment plants and aquatic
cosystems is still not very clear since until now only limited atten-
ion has been paid towards their occurrence and degradability in
ngineered treatment systems as well as in the natural environ-
ent [2–4]. The presence of at least one sulfonated group (–SO3

−)
akes these compounds very resistant towards oxidative attack,
ighly water soluble and mobile. Hence, after production and appli-
ation in different industrial sectors, naphthalene sulfonates easily
nter the aquatic environment and do not significantly sorb onto
ediments and/or soil [5]. Due to the fact that conventional biologi-
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cal, physical and chemical treatment methods are not very effective
in the removal of naphthalene sulfonates, alternative options have
to be considered and evaluated.

Among chemical oxidation methods, advanced oxidation pro-
cesses (AOPs) have been successfully employed for the degradation
of toxic and/or recalcitrant pollutants found in water or wastewater
originating from different industries [6,7]. These processes involve
the in situ generation of free radicals (mainly HO·) that violently
and almost indiscriminately react with most organic pollutants.
Recently we could demonstrate that commercially important
naphthalene sulfonic acids can be treated efficiently with AOPs
including H2O2/UV-C [8] and near UV-light assisted Photo-Fenton-
like (Fe3+/H2O2/UV-A) oxidation systems [9]. However, these
studies indicated that for efficient H2O2/UV-C treatment, long reac-
tion periods and/or high H2O2 concentrations are required, and
Fenton’s reagent applied in the presence of long-UV (UV-A) irra-
diation results in incomplete degradation of target pollutant to
intermediate oxidation products. On the other hand, Photo-Fenton
oxidation in the presence of short-UV (UV-C) light enables a more

thorough and fast oxidation as a consequence of the higher quan-
tum yields achieved under irradiation of ferric hydroxo complexes
at these wavelengths [10–12]. Besides, in the presence of UV-C
light, H2O2 also photolyzes thus additionally contributing to HO·

formation during Photo-Fenton treatment [13,14].

dx.doi.org/10.1016/j.cej.2010.10.003
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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Nomenclature

List of abbreviations and symbols
ANOVA analysis of variance
AOPs advanced oxidation processes
CCD central composite design
COD chemical oxygen demand (mg/L)
CODo initial COD (mg/L)
DAD diode-array detector
F-Value Fisher value
FO full oxidation (mineralization)
HO· hydroxyl radical (s)
H2O2 hydrogen peroxide (mg/L)
HPLC high performance liquid chromatography
ISO International Standardization Organization
PO partial oxidation
Prob probability
R2 coefficient of variation
RSM response surface methodology
TOC total organic carbon (mg/L)
tr photocatalytic treatment time (min)
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UV ultra violet
WPCR water pollution control regulation

Several process parameters (reaction pH, photocatalytic treat-
ent time, initial Fe2+, H2O2 and pollutant concentrations) affect

hoto-Fenton treatment efficiency and may interact with each
ther [15–19]. Consequently, process optimization using a single-
actor-at-a-time approach (varying one process variable thereby
eeping the others constant) can be very time consuming, and
oes not consider that not only single, but also binary effects are

nvolved. In particular for treatment processes having an extremely
omplex reaction pathway a more suitable optimization approach
s to employ multivariate analysis. Response surface methodology
RSM) is a powerful mathematical and statistical design tool that
an be used to evaluate, model and optimize the performance of
omplex systems by considering the relative significance of sev-
ral factors even in the presence of complicated, multi-dimensional
nteractions [20–22]. Several studies have reported the individual
nd interactive effects of process variables influencing the Photo-
enton or Fenton processes and observed similar relationships for
ifferent industrial effluents as well as single model pollutants. As
ar as we are concerned, no experimental and statistical design
rocedures have been employed until now to model and optimize
he Photo-Fenton oxidation of naphthalene sulfonates by setting
conomically and technically acceptable treatment goals under
arying reaction conditions including initial pollutant concentra-
ions considering that the concentration of naphthalene sulfonates
an differ appreciably from point source to point source. Appar-
ntly, treatment of K-acid-bearing industrial effluent at source
here it is present in its most concentrated form is a convenient

olution. In the present work the main parameters affecting the
reatment performance of the Photo-Fenton process and the rel-
tive intensity of each investigated parameter on the treatment
fficiency was evaluated by the RSM-central composite design
CCD) tool to improve the common knowledge and database in this
rea. It was also taken into account that treatment conditions may
ary for the removal of parent pollutant and its degradation prod-
cts that are usually collectively presented with the environmental

um parameters COD and TOC. K-acid (2-naphthylamine-3,6,8-
ri sulfonic acid), a difficult-to-treat, commercially important dye
recursor was selected as the index chemical to experimentally
esign, model and optimize the Photo-Fenton treatment of a refrac-
ory industrial pollutant. Two different experimental and statistical
ring Journal 165 (2010) 597–606

design matrices were developed for the assessment of both K-acid
and its organic carbon content removals on the basis of treat-
ment time. Process optimization was based on two Photo-Fenton
treatment targets; (i) partial oxidation (for COD, TOC removals) to
achieve complete parent pollutant abatement, abbreviated herein
as “PO”, and (ii) full treatment for complete oxidation (mineraliza-
tion) of aqueous K-acid, indicated as “FO” throughout the paper. In
the last part of the study, the fitness and significance of the devel-
oped RSM models were verified for different treatment times and
targets.

2. Materials and methods

2.1. K-acid and other chemicals

The commercial-grade K-acid (C10H9O9S3; molecular weight:
383 g/mol; CAS: 118-03-6; purity: min 65%; appearance: yel-
lowish moist powder; 0.63 mg COD/mg K-acid; 0.18 mg TOC/mg
K-acid) was supplied by a local dye manufacturing plant and
used as received without any further purification. Aqueous K-
acid solutions were prepared in distilled water to attain different
COD values in the range of 150–750 mg/L. 35% w/w H2O2 (Fluka,
USA) was used as received without dilution. Residual H2O2 was
destroyed with enzyme Catalase derived from Micrococcus lysodeik-
ticus (100181 U/mL, Fluka, USA). The Fe2+ source was prepared daily
by dissolving FeSO4·7H2O (Fluka, USA) in distilled water to obtain
a 10% (w/v) stock solution. Several concentrations of HNO3 (Merck,
Germany) and NaOH (Merck, Germany) solutions were used for
pH adjustment. HPLC-grade acetonitrile (CH3CN) was used as the
mobile phase in the HPLC measurements (Merck, Germany). All
other reagents were of analytical grade.

2.2. Photo-Fenton experiments

H2O2/UV-C (dark) Fenton control and Photo-Fenton experi-
ments were performed at varying K-acid (COD), Fe2+ and H2O2
concentrations for a total treatment period of 125 min. All exper-
iments were conducted at the initial pH of 3.0 ± 0.1, which is
known as the optimum pH for Photo-Fenton oxidation [13]. The
reaction pH and ionic strength of the aqueous K-acid solution
was not controlled during the experiments. The UV-C photore-
actor set-up was a 3250 mL-capacity batch stainless steel tube
(length = 84.5 cm; width = 8.0 cm) bearing a 40 W low pressure,
mercury vapor sterilization lamp that was located at the centre
of the photoreactor in a quartz sleeve. The incident light flux of
the UV-C lamp at 253.7 nm was determined via H2O2 actinome-
try [23] as 1.6 × 10−5 einstein/(L × s). The effective UV-C light path
length was found as 4.31 cm by the same analytical method. During
a typical run, 3250 mL aqueous surfactant solution was continu-
ously circulated through the reactor by means of a peristaltic pump
(Meterpump Systems, Aripa) at a rate of 400 mL/min, correspond-
ing to a hydraulic retention time of 8 min in the photoreactor.

2.3. Experimental design and statistical analysis

In the present study, a CCD methodology with four independent
variables was applied to investigate the effect of the photocatalytic
treatment time (coded as X1), initial COD content (coded X2), H2O2
(coded X3) and Fe2+ (coded X4) concentrations on the Photo-Fenton
(Fe2+/H2O2/UV-C) oxidation of aqueous K-acid (Table 1). The CCD

consisted of 2 factorial points, eight axial points and two replicates
of the central point resulting in a total number of 26 experiments.
The K-acid (Y1, %), COD (Y2, %) and TOC (Y3, %) removal efficien-
cies were selected as the responses (dependent process variables)
to assess the Photo-Fenton treatment process. As being expected
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Table 1
Levels and ranges of selected process independent variables in terms of real and coded factors.

Process independent variables Codes Real values of code levels

−2 −1 0 1 2

Treatment time (min)
X1−K 10 20 30 40 50
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T

X1−O 25
Initial COD (mg/L) X2 150
Initial H2O2 (mM) X3 10
Initial Fe2+ (mM) X4 0.2

or photochemical AOPs [24], the degradation of the original (par-
nt) pollutant is usually faster than that of its oxidation products,
hich are typically expressed in terms of the collective parameters
OD and TOC. Hence, due to the differences between parent com-
ound (K-acid) and organic matter (COD, TOC) abatement rates,
wo different ranges were selected for the independent process
ariable “treatment time – tr” (X1) based on our preliminary studies
o model K-acid (X1−K) and organic matter (X1−O) removal efficien-
ies. The range and central point values of these four independent
rocess variables were based on the results of our previous studies
9,18]. Experimental runs were randomized to minimize the effects
f unexpected variations in the observed responses.

Table 2 shows the actual values of the independent variables at
hich the experiments were conducted to estimate the response

ariables % K-acid (Y1), COD (Y2) and TOC (Y3) removals. Each
esponse was used to develop an empirical model which correlated
he process responses to the four process independent variables.
he general equation of the second-order polynomial regression
odel is presented in Eq. (1) given below [22];

(%) = bo +
∑

bi Xi +
∑

bii X2
i +

∑
bij Xi Xj (1)

here Y stands for the predicted responses (percent K-acid, COD

nd TOC removals), bo for the constant coefficient, bi; bii and bij
or the regression coefficients and Xi, Xj indicate the levels of the
rocess independent variables [22].

According to experimentally obtained results, response surface
lots were developed using the Design Expert® Software (Version

able 2
he experimental design for response surface analysis in terms of actual values.

Experiment no. X1−K X1−O X2

tr (min) Initial CO

1 20 100 600
2 40 50 600
3 20 100 300
4 30 75 450
5 40 100 300
6 30 75 750
7 30 75 150
8 20 50 300
9 20 50 600

10 30 75 450
11 30 25 450
12 50 75 450
13 20 50 300
14 20 100 300
15 40 50 600
16 20 100 600
17 40 100 300
18 20 50 600
19 10 125 450
20 40 50 300
21 30 75 450
22 30 75 450
23 30 75 450
24 40 100 600
25 40 50 300
26 40 100 600
50 75 100 125
300 450 600 750

20 30 40 50
0.4 0.6 0.8 1.0

7.1.6) from Stat-Ease Inc., USA, and represented a function of two
independent variables while keeping the other independent vari-
able(s) at the zero level. These response surface plots provided a
visual interpretation of the interaction between two process vari-
ables. Multiple regression analysis carried out by the least squares
method generates the analysis of variance (ANOVA) data for ver-
ification of the robustness of the models (95% confidence level).
The adequacy of the model was checked by evaluating the lack of
fit, coefficient of determination (R2) and the Fisher test value (F-
value) obtained from ANOVA [21,25–28]. The significances of all
model terms in the polynomial equations were statistically exam-
ined by computing the F-value at a probability value (Prob > F) of
0.050. The optimum Fe2+/H2O2/UV-C treatment conditions for K-
acid and organic matter (COD, TOC) removals were estimated using
the numerical and graphical optimization tool of Design Expert
Software® at different initial CODs and two different treatment
targets (FO and PO).

2.4. Analytical procedures

Samples were taken at regular time intervals for K-acid, COD,
TOC, residual H2O2 and pH measurements. In order to prevent

the positive interference of H2O2, prior to all COD analyses, the
pH of each sample solution was adjusted to 6.5–7.5 and there-
after catalase enzyme was added to destroy any residual H2O2,
whereas unreacted H2O2 was measured directly. K-acid abate-
ment was monitored via HPLC (Agilent 1100 series, USA) equipped

X3 X4

D (mg/L) Initial H2O2 (mM) Initial Fe2+ (mM)

40 0.4
20 0.4
20 0.4
50 0.6
40 0.4
30 0.6
30 0.6
40 0.4
20 0.8
30 1.0
30 0.6
30 0.6
20 0.8
40 0.8
40 0.4
20 0.4
20 0.8
40 0.8
30 0.6
40 0.8
30 0.6
10 0.6
30 0.2
20 0.8
20 0.4
40 0.8
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ith a diode array detector (DAD; � = 310 nm) and a Novapack C18
Waters, USA) column. CH3CN/H2O (60/40, v/v) was used as mobile
hase for the analysis of the model pollutant (K-acid) at a flow
ate of 1 mL/min. The column temperature was set as 30 ◦C for all
easurements and the injection volume was selected as 30 �L. The

nstrument detection limit (1.5 mg/L) for K-acid was determined as
he lowest injected standard that gave a signal-to-noise ratio of at
east three and an accuracy of 80–95%. The limit of quantification

as calculated as 10 times of the signal-to-noise ratio as 5 mg/L.
he COD of untreated and photocatalytically treated samples were
etermined by the closed reflux titrimetric method in accordance
ith ISO 6060 [29]. The TOC content of the samples was moni-

ored on a Shimadzu TOC VPCN carbon analyzer equipped with an
utosampler. Residual (unreacted) H2O2 was traced by employing
he molybdate-catalyzed iodometric method [30] during the course
f reaction. Samples pH values were determined with an Orion 720+

odel pH-meter.

. Results and discussion

.1. Results of the Photo-Fenton and control experiments

Preliminary control experiments were performed at an initial K-
cid COD of 450 mg/L that is an average, typical COD value for K-acid
ynthesis effluent, in the absence of Fe2+ (H2O2/UV-C oxidation)
nd also without UV-C light irradiation (dark Fenton experiment)
o elucidate the effect of Fe2+ catalyst and UV-C light radiation on
he advanced oxidation of aqueous K-acid solution. Changes in K-
cid (a), COD (b) and TOC (c) values as a function of photocatalytic
reatment time are depicted in Fig. 1 for the control as well as
hoto-Fenton experiments. For these preliminary treatability stud-
es, H2O2 (30 mM) and Fe2+ (0.5 mM) concentrations were selected
pon consideration of optimum Fe2+: H2O2 molar ratios obtained

n former related research work and our own experiences in simi-
ar case studies [8,9,18]. All experiments were conducted at a fixed
H value of 3 that is generally accepted as the optimum pH for

ron-based AOPs [13].
From Fig. 1 it is evident that during the application of the

elected AOPs, K-acid (parent compound) degradation is apprecia-
ly faster than the removal of the parameters COD and TOC. This

s not surprising for the fact that K-acid degradation only relies on
he oxidative cleavage of the original naphthalene ring, whereas
rganic matter removal occurs through a multi-stage consecutive
ree radical chain reactions that ultimately leads to the formation of
ow-molecular weight oxidation products, mineral acids and car-
on dioxide [31,32].

As expected, the addition of Fe2+ catalyst had a significant
ccelerating effect in terms of K-acid as well as COD and TOC abate-
ent rates as compared with the H2O2/UV-C process. As can be

oncluded from Fig. 1(a), prolonged treatment times or alterna-
ively, huge H2O2 concentrations would be required to completely
egrade K-acid, the original pollutant, by the H2O2/UV-C process,
ince even after 120 min treatment K-acid removal is not more than
0% in the absence of Fe2+. On the other hand, K-acid abatement
as complete within 60 min treatment when Fenton and Photo-

enton oxidation process were applied. Moreover, the COD and
OC parameters were only poorly removed via mere H2O2/UV-C
reatment; TOC practically remained unchanged indicating that
he originally present K-acid is converted to different advanced
xidation intermediates that cannot be effectively oxidized in the

bsence of Fe2+ catalyst. From these findings it can be deduced
hat if solely K-acid degradation is aimed, its removal rate can be
onsiderably enhanced upon Fe2+ addition even without the neces-
ity to apply additional UV-C light, e.g. via the classical Fenton’s
rocess.
Fig. 1. K-acid (a), COD (b) and TOC (c) abatement rates observed during
Photo-Fenton and control (dark Fenton, H2O2-UV-C) experiments. Experimen-
tal conditions: CODo = 450 mg/L; H2O2 = 30 mM and Fe2+ = 0.5 mM for Fenton and
Photo-Fenton processes; initial pH 3.0.

It can be followed from Fig. 1(b) and (c) that the positive influ-
ence of UV-C light irradiation on Fenton’s reaction became evident
in the later stages of the Photo-Fenton process with respect to
organic matter removal (e.g. for the collective parameters COD and
TOC). Fenton’s reaction practically stopped after 40 min treatment,
whereas in the presence of UV-C light further degradation took
place until a treatment time of 80 min. H2O2 was totally consumed
after 40 min treatment during both Photo-Fenton and Fenton reac-
tions, coinciding with the termination of the dark Fenton process.
As is well-known from Photo-Fenton’s chemistry, in the presence of
UV-C light the overall oxidation reaction is significantly enhanced
due to the following reaction [13,14];
Fe(III)OH2+ + h� → Fe2+ + HO· (2)

Reaction (2) is not limited to the presence of UV-C light irradia-
tion and may also be observed in the presence of long UV and even
visible light, though with significant limitations since the reaction
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Table 3
Experimentally obtained and predicted K-acid, COD and TOC removal efficiencies during Photo-Fenton oxidation process designed by the RSM-CCD tool.

Experiment no. K-acid removal (Y1, %) COD removal (Y2, %) TOC removal (Y3, %)

Experimental Predicted Experimental Predicted Experimental Predicted

1 65 ± 3 68 85 ± 9 88 89 ± 9 90
2 80 ± 4 82 41 ± 4 36 22 ± 2 13
3 81 ± 4 80 82 ± 8 86 97 ± 3 100
4 93 ± 5 92 77 ± 8 81 95 ± 5 96
5 95 ± 5 100 98 ± 2 98 98 ± 2 100
6 77 ± 4 76 64 ± 6 62 42 ± 4 36
7 95 ± 5 100 95 ± 5 100 94 ± 6 100
8 87 ± 4 85 94 ± 6 83 92 ± 8 80
9 75 ± 4 76 54 ± 5 52 36 ± 4 29
10 93 ± 5 93 88 ± 9 97 91 ± 9 97
11 90 ± 5 90 50 ± 5 61 26 ± 3 43
12 95 ± 5 96 90 ± 9 90 84 ± 8 84
13 89 ± 4 88 97 ± 3 89 95 ± 5 92
14 93 ± 5 92 98 ± 2 99 95 ± 5 100
15 87 ± 4 86 55 ± 6 61 42 ± 4 49
16 70 ± 4 65 57 ± 6 58 41 ± 4 43
17 95 ± 5 98 95 ± 5 100 95 ± 5 100
18 81 ± 4 79 85 ± 9 77 74 ± 7 71
19 64 ± 3 68 90 ± 9 100 87 ± 9 100
20 95 ± 5 100 98 ± 2 96 95 ± 5 95
21 90 ± 5 90 90 ± 9 90 84 ± 8 84
22 81 ± 4 84 40 ± 4 43 31 ± 3 46

± 8
± 6
± 8
± 6

i
p
d
d
p
f
c
i
t
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d
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l
K
p
r
s

T
A

23 76 ± 4 78 83
24 88 ± 4 89 56
25 95 ± 5 95 75
26 92 ± 5 93 94

s a strong function of radiation wavelength. As also observed in the
resent work, the continuing COD and TOC abatements observed
uring the later stages of Photo-Fenton treatment resulted in the
egradation of the formed reaction intermediates to oxidation end
roducts and most probably due to Reaction (2). Moreover, the
ormation of photocatalytically active ferric-organo complexes (Fe-
arboxylates) and organic radicals due to radical chain reactions
nvolving molecular oxygen speculatively explain the progress of
he oxidation progress during the reaction period between 40 min
nd 80 min of the Photo-Fenton process, where H2O2 was already
epleted (totally consumed) and hence not available in the reaction
edium [33].
Another interesting point that was observed during the pre-

iminary control experiments was that during the early stages of

-acid treatment, TOC conversions obtained for the dark Fenton
rocess were higher than those of the Photo-Fenton process. This
etardation in TOC removal during the Photo-Fenton process may
peculatively be explained as follows; the most important source

able 4
NOVA results for the experimental design of K-acid Photo-Fenton oxidation in terms of pe

Output K-acid removal COD removal

SSa F-Value Prob > F SSa

Model 2753.62 18.17 <0.0001 8523.62
X1 1214.10 112.18 <0.0001 893.04
X2 986.63 91.16 <0.0001 3322.91
X3 104.58 9.66 0.0100 2064.62
X4 326.34 30.15 0.0002 408.38
X1 × X2 7.70 0.71 0.4169 144.00
X1 × X3 1.27 0.12 0.7388 28.09
X1 × X4 15.80 1.46 0.2523 144.00
X2 × X3 0.95 0.088 0.7725 333.06
X2 × X4 15.41 1.42 0.2579 8.12
X3 × X4 6.25 × 10−4 5.77 × 10−5 0.9941 0.42
X2

1 60.49 5.59 0.0375 286.30
X2

2 0.17 0.015 0.9033 18.79
X2

3 2.96 0.27 0.6115 831.01
X2

4 20.61 1.90 0.1950 0.39

a Sum of squares.
81 74 ± 7 79
62 40 ± 4 45
76 92 ± 8 83
92 92 ± 8 97

of HO· is the direct reaction between Fe2+ and H2O2 (dark Fenton’s
reaction) for both Fenton and Photo-Fenton processes. Since dur-
ing the initial stages of the Photo-Fenton reaction H2O2 is not only
consumed via dark Fenton but also via UV-C photolysis (though
significantly less due to the high UV-C absorbance of K-acid), less
H2O2 is available for the direct Fenton’s reaction, that initially may
retard the oxidation reaction [34].

Another reason for the retardation in TOC abatement rates might
be that the initial formation rate of HO· radicals in the Photo-Fenton
system is so high that many HO· are consumed via side reactions
with H2O2 and HO2

− [35].
At the end of the 120 min treatment period, COD and TOC

removals were obtained as 30% (H2O2/UV-C-control), 61% (dark
Fenton-control) and 93% (Photo-Fenton process) as well as 11%

(H2O2/UV-C-control), 38% (dark Fenton-control) and 95% (Photo-
Fenton process), respectively. Considering that H2O2/UV-C as well
as dark Fenton treatment of this commercially important naphtha-
lene sulfonate resulted in very poor and/or incomplete oxidation,

rcent parent pollutant (K-acid) and organic matter (COD, TOC) removal efficiencies.

TOC removal

F-Value Prob > F SSa F-Value Prob > F

8.33 0.0006 17747.17 8.40 0.0006
12.22 0.0050 2044.26 13.54 0.0036
45.46 <0.0001 8306.76 55.03 <0.0001
28.24 0.0002 3702.65 24.53 0.0004
5.59 0.0376 446.34 2.96 0.1135
1.97 0.1880 363.86 2.41 0.1488
0.38 0.5479 112.89 0.75 0.4056
1.97 0.1880 193.91 1.28 0.2811
4.56 0.0561 1546.46 10.25 0.0084
0.11 0.7451 47.27 0.31 0.5870
5.78 × 10−3 0.9408 27.30 0.18 0.6788
3.92 0.0734 584.85 3.87 0.0747
0.26 0.6222 135.73 0.90 0.3634
11.37 0.0062 203.39 1.35 0.2703
5.37 × 10−3 0.9429 12.95 0.086 0.7750
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ig. 2. The internally studentized residuals and normal % probability plots estab-
ished for K-acid, COD and TOC removals.

V-C light-assisted Fenton oxidation appears to be a more suitable
ption for the treatment of aqueous K-acid solutions.

.2. Photo-Fenton treatment of aqueous K-acid: process
ptimization
Experimentally obtained results (percent K-acid, COD and TOC
emoval efficiencies) of the design matrix with probable error
anges are presented in Table 3 together with the predicted
esponses obtained from polynomial regression equations. As is
Fig. 3. 3-D plots obtained for Photo-Fenton oxidation of aqueous K-acid solu-
tion: Elucidation of the combined effect of Fe2+ and CODo of K-acid on K-acid (a),
COD (b) and TOC (c) removal efficiencies. Experimental conditions: H2O2 = 30 mM;
tr = 30 min for K-acid and tr = 75 min for COD and TOC removals.

obvious from Table 3, experimental and model results were in most

cases compatible with each other.

The Design Expert® software generated the following poly-
nomial regression equations which demonstrate the empirical
relationship between tr (X1), initial COD (X2), H2O2 (X3) and Fe2+

(X4) concentrations and responses of K-acid (Y1), COD (Y2) and TOC
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Table 5
Experimentally obtained and predicted K-acid, COD and TOC removal efficiencies at local optimum (varying initial COD) values.

CODo (mg/L) – target tr (min) H2O2 (mM) Fe2+ (mM) K-acid removal (%) COD removal (%) TOC removal (%)

Model Experimental Model Experimental Model Experimental

150-FOa 51 37.7 0.7 100 95 ± 5 100 95 ± 5 100 94 ± 6
300-FO 58 30.7 0.7 100 95 ± 5 100 99 ± 1 97 91 ± 9
450-FO 83 37.5 0.8 100 95 ± 5 97 95 ± 5 100 97 ± 3
450-POb 55 20.0 0.4 90 95 ± 5 60 74 ± 7 55 48 ± 5
600-PO 62 34.2 0.4 100 96 ± 4 69 74 ± 7 55 56 ± 6

limit

(

Y

Y

Y

(

s
p
p
t
t
F
e
w
e
n
t
t
o
r
a
T
t
t
m
p

750-PO 75 38.5 0.6 100

a Full (complete) oxidation target.
b Partial oxidation target (complete K-acid abatement and meeting the discharge

Y3) removal efficiencies in terms of coded factors;

1 (%) = 89.60 + 7.11 × X1 − 6.41 × X2 + 2.09 × X3 + 3.69 × X4

+ 0.69 × X1 × X2 − 0.99 × X1 × X4 + 0.28 × X1 × X3

+ 0.98 × X2 × X4 − 0.24 × X2 × X3 − 6.250 × 10−3 × X4

× X3 − 1.86 × (X1)2 − 0.098 × (X2)2 − 0.41 × (X3)2 − 1.09

× (X4)2 (R2 = 0.9586) (3)

2 (%) = 89.50 + 6.10 × X1 − 11.77 × X2 + 9.28 × X3 + 4.13 × X4

+ 3.00 × X1 × X2 − 3.00 × X1 × X4 + 1.32 × X1 × X3

+ 0.71 × X2 × X4 + 4.56 × X2 × X3 − 0.16 × X3X4 − 4.05

× (X1)2 − 1.04 × (X2)2 − 6.90 × (X3)2

− 0.15 × (X4)2 (R2 = 0.9138) (4)

3 (%) = 84.40 + 9.23 × X1 − 18.60 × X2 + 12.42 × X3 + 4.31 × X4

+ 4.77 × X1 × X2 + 2.66 × X1 × X3 − 3.48 × X1 × X4 + 1.72

× X2 × X4 + 9.83 × X2 × X3 + 1.31 × X3 × X4 − 5.79

× (X1)2 − 2.79 × (X2)2 − 3.41 × (X3)2

+ 0.86 × (X4)2 (R2 = 0.9145) (5)

−2 ≤ Xi ≤ 2)

The factors in front of the coded model terms indicate the inten-
ity and direction (positive or negative) of the influence of that
rocess independent variable on the response (see Eqs. (3)–(5)). A
ositive effect of a factor means that the response is improved when
he factor level increases and a negative effect of the factor revealed
hat the response is inhibited when the factor level increases [36].
or instance, from Eq. (3) it is evident that the variable “tr” (X1)
xhibited the highest positive influence on percent K-acid removal,
hereas the variable “H2O2 concentration” (X3) had the high-

st positive impact on COD and TOC abatements. The strongest
egative effect on K-acid, COD and TOC removals was found as
he initial COD content (X2) of the K-acid solutions. According to
he established second-order regression models, the decreasing
rder of the influence of process independent variables on K-acid
emoval efficiency was tr > CODo (negative impact) > Fe2+ > H2O2,
nd CODo (negative impact) > H2O2 > tr > Fe2+ in terms of COD and

OC removal efficiencies. The above mentioned rankings among
he examined process independent variables imply that the fac-
ors influencing parent compound and organic matter degradation

ay differ significantly from each other. For instance, it is com-
letely reasonable that the variable tr has more impact on K-acid
95 ± 5 73 78 ± 8 61 65 ± 7

of <200 mg/L COD).

degradation, which disappeared at a faster rate, than on COD and
TOC removals, whereas the oxidant (H2O2) concentration plays a
more important role in organic matter degradation that is harder
to achieve than parent compound removal. In a similar manner, Ay
et al. [19] concluded on the basis of the coefficients determined by
their Box–Behnken design that color removal efficiency decreased
with increasing initial dyestuff concentration and increased at ele-
vated H2O2 and Fe2+ concentrations. Rozas et al. [37] applied a
circumscribed CCD to model and optimize the degradation of the
antibiotic ampicillin by Fenton and Photo-Fenton processes. They
concluded that the variables pH and Fe2+ concentration had by far
more influence on antibiotic removal than the other studied param-
eters. Masomboon et al. [38] employed the Box–Behnken design
tool to examine the degradation of o-toluidine by the Photo-Fenton
process. According to their findings, H2O2 and Fe2+ concentrations
were the main parameters affecting o-toluidine and COD abate-
ments.

Table 4 displays the ANOVA results for the full second-order
polynomial regression models generated for removal of K-acid,
COD and TOC with the Photo-Fenton process oxidation at 95%
confidence levels. The correctness and fitness of the models were
examined by the R2 found as 0.9586, 0.9138 and 0.9145 for K-
acid, COD and TOC removals, respectively. From their values it is
evident that 95.86%, 91.38% and 91.45% of the variability in the
responses could be explained by the regression models. According
to the ANOVA, the model F-values determined as 18.17, 8.33 and
8.40, as well as Prob > F-values that were less than 0.0001, 0.0006
and 0.0006 for K-acid, COD and TOC removals, respectively, the
model terms were significant (Table 4). The adequate precision val-
ues of the models compare the predicted data at the design points
with the average prediction error. In other words, it measures the
signal-to-noise ratio [22]. A ratio greater than 4 is desirable for an
appropriate model. In the present study, the adequate precision
values were obtained as 15.45, 11.23 and 10.46 for K-acid, COD and
TOC removals, respectively. These values indicate an adequate sig-
nal and suggest that the regression models can be used to navigate
the design space for Photo-Fenton oxidation of K-acid. As can be
seen from the Prob > F-values and F-values presented in Table 4,
the most important terms are the linear ones (reaction time, ini-
tial COD, H2O2 and Fe2+ concentrations). Although the full models
showed a significant fit, some terms, namely the interaction and
quadratic terms, could be considered as insignificant for the full
model on the basis of Prob > F-values that were higher than 0.10
[36]. However, since the “adjusted R-squared” values (0.9058 for
K-acid, 0.8041 for COD and 0.8056 for TOC responses) were in rea-
sonable agreement with the R2 values, all terms were included in
the models [39]. Besides, excluding these terms from the mod-

els would have been reduced the R2 values to 0.9353, 0.8755 and
0.8546 for K-acid, COD and TOC removals, respectively. On the other
hand, “adjusted R-squared” values remained approximately at the
same level (0.9191 for K-acid, 0.8271 for COD and 0.8087 for TOC
responses).
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Fig. 4. Experimental and predicted K-acid (a), COD (b) and TOC (c) removals as a
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The diagnostic plots (Fig. 2) imply that the assumptions of nor-
ality, independence and randomness of the residuals (i.e. the

ifference between the observed and predicted or fitted values of
ach process response) are all satisfied. In Fig. 2, residuals show
ow well the models satisfy the ANOVA assumptions where the
tudentized residuals measure the number of standard deviations
y separating the actual and predicted values from one another
22,40]. Fig. 2 also implies that a response transformation was not
equired and there was no apparent problem with normality.

.3. Evaluation of combined effects of Fe2+ concentration and
nitial COD on Photo-Fenton oxidation of aqueous K-acid

Fig. 3 displays the 3-D plots generated for Photo-Fenton oxi-
ation of aqueous K-acid solution in terms of K-acid (a), COD (b)
nd TOC (c) removal efficiencies by the Design-Expert® software.
n the present study it was decided to focus on the dual effect of the
arameters “CODo” and “Fe2+” on the treatment efficiencies for fur-
her assessment and elucidation. 3-D surface plots were established
or a fixed initial H2O2 concentration of 30 mM and a treatment time
f 30 min to present combinative effects on K-acid removal efficien-
ies. From Fig. 3(a) it is evident that a K-acid removal of ≥95% could
nly be achieved for CODo values ≤450 mg/L and K-acid abatement
ecreased dramatically with increasing CODo from 100% to 80–85%,
ven at the highest applied Fe2+ concentration (1.0 mM). In order to
nsure high K-acid removals (95–100%), the Fe2+ concentration had
o be increased from its lowest value (0.2 mM) to 0.6 mM for a CODo

alue of 300 mg/L and to 1.0 mM for a CODo range of 300–450 mg/L.
The negative influence of increasing the CODo of aqueous K-

cid solution on Photo-Fenton treatment performance was more
ronounced in terms of the parameters COD and TOC. For the 3-D
raphs presenting the binary impact of the process variables CODo

nd Fe2+ on organic matter removal, H2O2 concentration was again
ept constant at 30 mM but tr was elevated to 75 min. The removal
rends observed for the parameters COD and TOC were similar to
hose observed for K-acid but removal efficiencies dropped more
ntensely. For instance, for the highest CODo value (750 mg/L), COD
emoval efficiencies that were obtained in the range of 48–49%
n the presence of 0.2 mM Fe2+ increased to 72–73% in the pres-
nce of 1.0 mM added Fe2+. Obviously, increasing the photocatalyst
oncentration from 0.2 to 1.0 mM resulted in a significant enhance-
ent in terms of K-acid and organic matter abatement rates. On the

ther hand, TOC removal efficiencies dropped dramatically beyond
CODo of 450 mg/L, above value complete mineralization could

ever be achieved even at the highest studied Fe2+ concentration.
pparently, the observed treatment efficiencies were also affected
y the parameter “initial H2O2 concentration” that had a signif-

cant positive effect particularly on TOC abatement in the range
f 20–40 mM (data not shown). From the graphical presentations
erived for Photo-Fenton treatment of aqueous K-acid solution it

s obvious that, in parallel to the above statistical evaluations, TOC
s the “hardest” (most difficult-to-remove) parameter among the
elected process responses thus requiring harsher reaction con-
itions (Fe2+, H2O2 concentrations and/or tr) to mineralize K-acid
egradation products.

.4. Optimization of Photo-Fenton treatment of aqueous K-acid

Table 5 summarizes the experimental conditions (optimized in
erms of tr, H2O2 and Fe2+ concentrations) required to achieve
he targeted treatment efficiencies at varying CODo values of K-

cid solution called local optima. The treatment targets were, as
forementioned (i) FO, for stand-alone, full treatment of K-acid
roducing effluents via Photo-Fenton process, or alternatively, and
ii) PO, i.e. partial oxidation, in order to completely eliminate the
ecalcitrant parent pollutant and to comply with the national legis-
function of Photo-Fenton treatment time for the locally optimized treatment target
“Full Oxidation (FO)”. Experimental conditions: CODo: 450 mg/L; K-acid = 791 mg/L;
TOC = 155 mg/L; H2O2: 37.5 mM; Fe2+ = 0.8 mM; initial pH 3.0.

lations for discharge into receiving water bodies [41]. According to
the Turkish Water Pollution Control Regulation (WPCR), the max-
imum allowable discharge limit value for the COD parameter is
200 mg/L and to be on the safe side (in cases of emergencies or
technical problems), the desired removal efficiency for the opti-
mization procedure was adjusted as to reduce the COD value to
at least 180 mg/L. Table 5 also presents achievable treatment goals
and options foreseen by the established regression models for K-
acid, COD and TOC removals together with the experimentally
obtained treatment efficiencies. Upon comparison of the predicted
and observed removal rates it is evident that the values obtained
for the foreseen treatment targets were close to each other. It
should also be noted here that the “FO” target was not achievable
at the higher CODo values (600 and 750 mg/L), even upon increase
of treatment time, catalyst and/or oxidant concentrations. Hence,
for these two elevated CODo values, only the “PO” treatment goal

(namely complete K-acid removal and partial organic matter oxi-
dation) could be satisfactorily fulfilled under the studied reaction
conditions. Again, the dramatic reduction in treatment efficiencies
is obvious for CODo values beyond 450 mg/L. When the CODo was
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50 mg/L, both treatment options (FO, PO goals) were still appli-
able and as elucidated in Table 5. From Table 5 the considerably
milder” reaction condition (i.e. the relatively low H2O2 and Fe2+

oncentrations as well as short tr values) foreseen for the partial
reatment goals (CODo = 450, 600 and 750 mg/L) are also obvious.

Fig. 4 elucidates experimentally obtained and modeled (pre-
icted) K-acid (a), COD (b) and TOC (c) removal efficiencies as a
unction of Photo-Fenton treatment time. In order to avoid con-
usion, only the results for the optimization of the FO treatment
arget at CODo = 450 mg/L were exemplified. From Fig. 4 it can be
een that K-acid degradation is relatively fast and complete after
5–30 min treatment, whereas practically full oxidation is achieved
fter 75–80 min in terms of the parameters COD and TOC. It should
lso be emphasized herein that although K-acid removal efficien-
ies were modeled for a treatment period of 0–50 min and for
rganic matter (COD and TOC) removals a reaction time rang-
ng between 25 and 125 min was considered, the experimental
ata and corresponding predicted treatment results were pre-
ented for the entire Photo-Fenton treatment time (0–125 min).
ig. 4 implies that the removal efficiencies calculated by using
he regression models fell within the ranges of the experimen-
ally obtained Photo-Fenton treatment results, even beyond the
tudied treatment periods. Hence, from Fig. 4 it can be deduced
hat the regression models generated for Photo-Fenton oxidation
f K-acid and its degradation products were capable of accurately
redicting treatment results and thus can even be used for safely
xtrapolating treatment results for varying photocatalytic treat-
ent periods.

. Concluding remarks

In the present study, Photo-Fenton treatment of K-acid and its
rganic degradation products was separately modeled and opti-
ized using multivariate analysis. The following conclusions could

e drawn from the present study:

Ranges of the independent process variables should be chosen
very carefully in order to establish models that are capable of
accurately predicting Photo-Fenton oxidation of K-acid and its
organic carbon content. In the present study the selected pro-
cess parameter ranges were all appropriates and could be used
to establish statistically sound and reliable experimental design
models.
The experimentally obtained and predicted results were highly
comparable for all selected treatment targets at different initial
COD values as well as throughout the entire photocatalytic treat-
ment period up to 125 min.
From the established polynomial regression models it was evi-
dent that the initial COD of the K-acid solution had a significant
negative effect on treatment performance, whereas all the other
process independent variables had a positive influence on treat-
ment efficiencies. Photo-Fenton treatment was mostly affected
by the two process variables “initial COD” and “treatment time”.
For initial COD values > 450 mg/L (600 and 750 mg/L), only partial
oxidation could be achieved even under the harshest investigated
reaction conditions, whereas complete removal of the selected
process responses was possible for initial COD values ≤ 450 mg/L
(150, 300 and 450 mg/L).
cknowledgements
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