
INTRODUCTION

During the dye production and textile manufacturing
processes, large volumes of dyeing wastewater which has the
potential of toxicity and intense colour has been left into aquatic
systems. Even if dye concentrations were low values (e.g.,
10-20 mg L-1), it affects the water transparency and solubility
of gases in water. Besides, the cationic dyes are generally
considered to be more toxic in comparison to the anionic dyes
toward the aquatic biota1. This is because cationic dyes easily
interact with the membrane surfaces of the negatively charged
cells, enters into the cells and concentrates in the cytoplasm2.
Subsequently, the symbiotic process is affected as the natural
equilibrium is disturbed by the reduced photosynthetic activity.
The above mentioned reduction in the photosynthetic activity
is due to the colouration of the water in the streams.

In recent years, there has been growing interest in the use
of persulfate (S2O8

2-), which is one of the strongest oxidants
known in aqueous solutions3-5. It offers certain advantages over
other oxidants, such as high stability at room temperature, high
aqueous solubility, a solid fact that can be easily stored and
transferred and relatively low cost6,7. Persulfate anion with
a redox potential of 2.01 V is a non-selective oxidant. This
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oxidant can be decomposed by heat, UV light or transition
metal ions (Men+), such as Fe2+. Subsequently, this leads to the
formation of SO4

•−, which exhibits a redox potential of 2.6 V8,9.

S2O8
2- + heat/UV → 2SO4

•− (1)

S2O8
2- + Men+ → SO4

•− + Me(n+1)+ + SO4
2- (2)

If a ferrous ion is used as the transition metal:

S2O8
2- + Fe2+ → SO4

•− + Fe3+ + SO4
2-  (k = 27 M-1 s-1) (3)

In a persulfate-water system, hydroxyl radicals can also
be formed, as shown in eqns. 4-5. The hydroxyl radicals may
participate in the oxidation of the contaminants10.

SO4
•− + H2O → OH• + HSO4

–   (k = 500 s-1) (4)

SO4
•− + OH− → SO4

2- + OH• (5)

Response surface methods (RSM) offer statistical design
of experiment tools that lead to peak process performance.
The RSM-based modeling studies have been widely used in
many wastewater treatment systems such as photocatalytic
oxidation11, Fenton/photo-Fenton12,13, electro-Fenton/photo-
electron-Fenton14,15, electrochemical oxidation16, ozonation17,
wet air oxidation18 and adsorption19,20 for various pollutants.
To our best of knowledge, optimization of oxidative degradation
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process parameters of persulfate/iron/temperature system to
obtain maximum mineralization of basic yellow 28 by using
with the Box-Behnken design has not been study conducted
until now. Many researchers had investigated the alone oxidative
effect of the heat, persulfate dosage and/or metal ions amount
on activated persulfate by temperature or metal ions for various
types of organics21-25. Anipsitakis and Dionysiou5 investigated
the activation of persulfate by 9 different transition metals
including Ag+, Ce3+, Co2+, Fe2+, Fe3+, Mn2+, Ni2+, Ru3+ and V3+

and reported that Ag+ is the best activating agent for persulfate.
Despite this result, in environmental applications iron is often
used due to environmentally friendly nature, cost effectiveness.
However, Liang et al.4 found that Fe2+ used in small incre-
ment In previous studies have shown that an increase in pH3,5,7,25

and ionic strength3,25 resulted in a decrease in the rate constant
of organic pollutants. Xu and Li7 reported that the inhibiting
effects of some ions ranged from low to high in an order of
NO3

– < Cl– < H2PO4
– < HCO3

–. It has been known that in the
neutral and alkaline media, the amounts of soluble Fe2+ and
Fe3+ could decrease due to the formation of complexes and
precipitations. For this reason, the chelating agents were
employed to stabilize the iron in solution at near neutral pH or
pH of the solution was adjusted under pH 4 value. Some of
previous studies have been performed to determine the opti-
mum conditions, but in most of them one of the three variables
(temperature, persulfate concentration, Fe2+ concentration)
were kept constant7,24,26. Also optimum values obtained from
these studies differ from each other.

In the present study, basic yellow 28 (Cationic Gold
Yellow X-GL) which is a synthetic basic cationic dye, imparts
a yellow colour in the aqueous solution, was selected as the
target dye. A series of experiments were conducted at ambient
temperatures (between 40-70 ºC) to evaluate the effectiveness
of the persulfate oxidation that activated by ferrous ion for the
destruction of basic yellow 28. The Box-Behnken design of
Design Expert 8 program was used for the response surface
methodology in the experimental design during the first
series of experiments. The experiments were designed to
determine the influence of factors, such as temperature, initial
ferrous ion and persulfate concentrations and time on the degra-
dation as well as studying the optimum working state. The
second series of experiments were investigated for the oxida-
tive degradation pathway of basic yellow 28 at optimum
conditions.

EXPERIMENTAL

Response surface modeling: Response surface method-
ology (RSM) uses mathematical and statistical techniques to
fit of a polynominal equation to the experimental data, which
should be the objective of making the statistical previsions27.
Determine the optimum set of operational variables for a process
is the main goal of the RSM. The statistical experimental
designing with RSM can reduce the process variability,
experimentation time as well as the overall cost with an improved
process output28. The Box-Behnken design (BBD) of Design
Expert 8 program was used for the RSM in the experimental
design where each factor takes only three levels. This design
is more efficient and economical according to the other 3k

designs, especially for a large number of variables28. The
independent variables of temperature, processing time, initial
K2S2O8 and initial FeSO4 concentration were coded with the
low and high levels in the Box-Behnken design, as shown in
Table-1. The mineralization per cent (TOC removal%) of the
basic yellow 28 solution was the obtained response. In the
optimization process, the responses can be simply related to
the chosen factors by the linear or quadratic models. A
quadratic model is shown as follows:

= = < =

= β + β + β + β +∑ ∑ ∑∑
k k k

2
0 j j jj j ij i j i

j 1 j 1 i j 2

Y x x x x e (6)

where, Y is the response, k is the number of factors, xi and xj

are the coded variables, β0 is the offset term, βj, βjj and βij are
the first-order, quadratic and interaction effects respectively, i
and j are the index numbers for factor and ei is the residual
error29.

Model fitting and graphical analyses were carried out
using the Design-Expert software. Soundness of the fit was
studied using F-test, p-value, chi-square (X2), the root mean
square error of prediction (RMSEP) and the relative error of
prediction (RSEP), correlation coefficient (R2) and adjusted
correlation coefficient (R2

adj).
General procedures: Basic yellow 28 (BY28) was

supplied by the DyStar textile firm with the commercial name
Astrazone Goldgelb GL-E. Potassium persulfate (K2S2O8) and
ferrous sulfate (FeSO4·7H2O) were obtained from Acros and
Merck, respectively. The aqueous solutions were prepared in
high purity de-ionized water (resistivity 18.2 mΩ cm), which
was obtained using a Milli-Q water purification system
(Millipore). The basic yellow 28 stock solution was prepared
at 1000 mg/L. The desired concentration (40 mg L-1) of basic
yellow 28 was obtained through the appropriate dilutions of
the stock solution. The K2S2O8 and FeSO4 solutions (100 mM)
were prepared prior to each batch experiment. However, the
FeSO4 solution was prepared in acidic de-ionized water (pH
3.5).

The batch experiments for the decomposition of the basic
yellow 28 solution were carried out in plugged borosilicate
glass bottles. The initial concentration of basic yellow 28 was
prepared as 40 mg L-1 from the stock solution. The pH was
adjusted to 3.5 with 0.5 M H2SO4. The reaction solutions were
obtained by adding the FeSO4 solution and the K2S2O8 solution
into the aqueous basic yellow 28 solutions with a total volume
of 60 mL. The mineralization experiments were conducted in
a thermo-controlled (±1 ºC) water bath shaker at 120 rpm at
different temperatures (40-70 ºC) in the range of 2 to 8 h. The
experiments were carried out in parallel. At the end of the
reaction time, sodium azide was added to quench any further
oxidation reactions. Subsequently, the aliquots of the samples
were withdrawn from the reactor and filtered through a 0.45
µm membrane filter before the analysis.

Detection methods: The total organic carbon (TOC)
contents of the aliquots were analyzed by using the Merck
TOC cell test (1.14878.0001 / 5.0 - 80.0 mg L-1 TOC). At the
end of the reaction time, the sample aliquots were immediately
filtered through a 0.45 µm membrane. The TOC contents of
the cell tests were measured by using the Merck Spectroquant
NOVA 30 model photometer.
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The TOC removal % was calculated according to the equa-
tion given below:

0 t
removal (%)

0

TOC TOC
TOC 100

TOC

 −
= × 
 

where, TOC0 and TOCt are the initial and final TOC (mg L-1)
content values of the solution before and after the oxidative
treatment, respectevily.

For the ammonium, nitrate and nitrite analysis, 2 mL
samples were taken from the reaction bottles at the different
time intervals. Next, methanol (0.5 mL) was added to quench
any further oxidation reactions. The DIONEX ICS 3000 Dual
model ion chromatograph equipped with a conductivity detector,
an AS9-HC, 4 mm × 250 mm anion-exchange and CS12A 4
mm × 250 mm cation-exchange columns were used to measure
the inorganic ions. The mobile phase was a solution of: sodium
carbonate (10 mM) and a total flow rate of 1.0 mL/min for the
anion analysis, meta-sulfonic acid (0.02 N) and a total flow
rate of 1.0 mL/ min for the cation analysis.

The GC-MS analysis was performed with the 5890A
Agilent model gas chromatograph, interfaced with the ECD,
NPD and 5975C mass selective detector. The aqueous solutions
were extracted three times with 50 mL dichloromethane. A
3 mL sample was analyzed on GC-MS. The analytical column,
which was connected to the system, was an HP5-MS capillary
column (30 m × 0.25 mm × 0.25 µm). Helium was used as the
carrier gas with a flow rate of 2 mL/min. The GC injection
port temperature was 250 ºC (split mode = 1/5) and the column

temperature was fixed at 70 ºC for 5 min. Subsequently, the
column temperature was programmed from 70 to 150 ºC at
4 ºC/min and then from 150 to 280 ºC with the 5 ºC/min rate.
The MS detector was operated in the EI mode (70 eV).

RESULTS AND DISCUSSION

Evaluation of experimental results with design-expert:

A set of four process variables, the operating temperature (40-
70 ºC), the K2S2O8 initial concentration (4-12 mM), the FeSO4

initial concentration (1-3 mM) and processing time (2-8 h)
were identified to investigate their influences on the TOC
removal % of basic yellow 28 at initial pH 3.5. These intervals
were determined as a result of preliminary experiments. When
the dye solutions were mixed with various ion concentrations
of S2O8

2- and the Fe2+, the dye immediately started to degrade.
The reaction intermediates can occur during the oxidation of
the target compounds. It is possible that some of the interme-
diate products are more toxic and long-lived than starting com-
pounds during decomposition. Therefore, it is important to
monitor the contents of the TOC in various stages of treatment.
Mineralization of the treated basic yellow 28 solutions during
the S2O8

2-/Fe2+ oxidative treatment was followed by measuring
the total organic carbon (TOC). For the above mentioned four
variables, a set of 29 experiments is required (Table-1). Box-
Behnken design is a spherical, revolving design. It consists of
five replicates central point (Cp) and the edge points are located on
a hypersphere equidistant from Cp. Calculate the number of nece-
ssary experiments number is made according to the following

TABLE-1 
EXPERIMENTAL RESULTS OF BOX-BEHNKEN DESIGN EXPERIMENTS 

Run X1: [S2O8
2-]0 X2: [Fe2+]0 X3: T (ºC) X4: t (h) 

Observed TOC 
removal (%) (Y) 

Predicted TOC 
removal (%) (Y) 

1 4 (-1) 1 (-1) 55 (0) 5 (0) 26 21 
2 12 (+1) 1 (-1) 55 (0) 5 (0) 64 65 
3 4 (-1) 3 (+1) 55 (0) 5 (0) 48 47 
4 12 (+1) 3 (+1) 55 (0) 5 (0) 43 47 
5 8 (0) 2 (0) 40 (-1) 2 (-1) 4 3 
6 8 (0) 2 (0) 70 (+1) 2 (-1) 57 54 
7 8 (0) 2 (0) 40 (-1) 8 (+1) 62 65 
8 8 (0) 2 (0) 70 (+1) 8 (+1) 91 91 
9 4 (-1) 2 (0) 55 (0) 2 (-1) 16 16 

10 12 (+1) 2 (0) 55 (0) 2 (-1) 43 40 
11 4 (-1) 2 (0) 55 (0) 8 (+1) 65 68 
12 12 (+1) 2 (0) 55 (0) 8 (+1) 88 88 
13 8 (0) 1 (-1) 40 (-1) 5 (0) 23 25 
14 8 (0) 3 (+1) 40 (-1) 5 (0) 28 27 
15 8 (0) 1 (-1) 70 (+1) 5 (0) 61 62 
16 8 (0) 3 (+1) 70 (+1) 5 (0) 69 67 
17 4 (-1) 2 (0) 40 (-1) 5 (0) 22 22 
18 12 (+1) 2 (0) 40 (-1) 5 (0) 42 40 
19 4 (-1) 2 (0) 70 (+1) 5 (0) 54 57 
20 12 (+1) 2 (0) 70 (+1) 5 (0) 81 82 
21 8 (0) 1 (-1) 55 (0) 2 (-1) 18 22 
22 8 (0) 3 (+1) 55 (0) 2 (-1) 21 24 
23 8 (0) 1 (-1) 55 (0) 8 (+1) 72 70 
24 8 (0) 3 (+1) 55 (0) 8 (+1) 79 76 
25 8 (0) 2 (0) 55 (0) 5 (0) 71 74 
26 8 (0) 2 (0) 55 (0) 5 (0) 75 74 
27 8 (0) 2 (0) 55 (0) 5 (0) 72 74 
28 8 (0) 2 (0) 55 (0) 5 (0) 77 74 
29 8 (0) 2 (0) 55 (0) 5 (0) 76 74 
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formula: N = 2k (k-1) + Cp, where k is the number of factors
and Cp is the number of the central points. The experimental
results obtained in the Box-Behnken design with the real and coded
values for the four variables studied are shown in Table-1.

In an aqueous medium, the individual and interactive
effects of the setted four variables on the mineralization of the
basic yellow 28 dye in an aqueous medium were investigated
using the Box-Behnken design application. The experimental
results were evaluated with RSM of Design-Expert® 8. The
approximating functions of the TOC removal percent (Y) in
terms of the coded variables obtained are shown as follows:

9 (7)

Y 74.20 10.83X 2.00X 19.33X 24.83X 10.75X X1 2 3 4 1 2

1.75X X 1.00X X 0.75X X 1.00X X 6.00X X1 3 1 4 2 3 2 4 3 4
2 2 2 212.14X 17.14X 11.89X .14X1 2 3 4

+ −

+

− − −

= + + + +

− + − −

Fig. 1 provides Pareto graphic analysis, respectively. These
analyses introduce single or synenergistic positive or inimical
effects of variables on the studied response30. Pareto graphic
analysis based on the following formula gives the percentage
effects of each factor on the response.

 Fig. 1. Graphical pareto analysis

2

2
100 ( 0)

 
= × ≠  
 ∑

i

i

Pi i
β

β (8)

It is demonstated that the processing time (β4), tempe-
rature (β3) and persulfate ion initial concentration (β1) are the
crucial factors for the mineralization of basic yellow 28. How-
ever, the ferrous ion initial concentration (β2) has a slight
influence on the oxidation. Analysis of variance and regression
takes place in almost all statistical studies. The relationships
between an unlimited number of independent variables and a
response or dependent variable are investigated by regression.
Regression also allows values on one variable to be predicted
from the values recorded on one or more other variables. In
the same way, ANOVA places no restriction on the number of
groups or conditions that may be compared, while factorial
ANOVA allows examination of the influence of two or more
independent variables or factors on a dependent variable with
t-test statistics in the program for eqn. 6. As a result of the
experimental data quadratic model was determined as statis-
tically significant. The quadratic regression model was highly
significant as the F-test (F-value) was found to be 101.16
with a very low probability value (P-value < 0.0001). This
indicated that only 0.01 % of the model was due to noise31. If
the model has a high degree of adequacy to predict of the

experimental results, the computed F-value should be greater
than the tabulated F-value at a level of significance α. There-
fore, the calculated F-value (Fmodel = 101.16) was compared
with the tabulated F-value (F0.05, df,(n-(df+1))) at significance level
of 0.05, when the df for model is 14 and n = 29. The Tabular
F-value (F0.05,14,14 = 2.48) is clearly less than calculated F-
value20.

To test the fit between the model responses and the
observed data is performed chi-square (X2) test. This value
was computed by the following equations20:

2N
meas,i pred,i

pred,ii=1

( - )
Chi-Square=

Y Y
Y∑ (9)

where Ypred,i and Ymeas,i are the model predicted and measured
values of the variable, Y and N is the number of run.

The calculated chi-square value of the model (X2 = 4.60)
was found to be less than the tabulated value (X2

0.05 = 41.34).
This result revealed that there is not a significant difference
between the observed data and model response. The quality
of the fit of the polynomial model was also expressed by the
determination of correlation coefficient, R2 and the adjusted
coefficient R2

adj. The correlation between the experimental data
and predicted responses is explained by the value of R2. The
obtained values of R2 and R2

adj were 0.9902 and 0.9804,
respectively. The adjusted R2 (R2

adj) value is more suitable to
compare the models with different numbers of the independent
variables. R squared estimates the proportion of the dependent
variable variance that can be attributed to the predictors, but
unfortunately this statistic exhibits an overestimate bias. The
smaller adjusted R squared attempts to eliminate this bias32.
As shown Fig. 2(a), the correlation coefficient (R2) between
the experimental and model predicted values of the response
variable showed the goodness of fit of the model. A plot of the
normal probability of the residuals is shown in Fig. 2(b). The
residuals from the analysis should be normally distributed.
The above mentioned plot is an important diagnostic tool to
detect and explain the systematic departures from the assum-
ption33. The trend of the residual to a normal distribution, where
the errors are normally distributed and independent of each
other is shown in Fig. 2(b) In addition, the error variance is
homogeneous. Signal to noise ratio is measured by “Adeq
Precision” which value should be grater than 4. The ratio of
35.60 indicates an adequate signal. Fig. 2(c) displays a plot of
residuals versus predicted response that provides a handy
diagnostatic for nonconstant variance. In this case, the pattern
exhibits the hoped-for random scatter, suggesting the variance
of original observations is constant for all values of the
response.

An effective tool for checking lurking variables that may
have influenced the response during the experiment is the
normal plot of the standardized residuals versus the experi-
mental run number as shown in Fig. 2(d). The plot should
show a random scatter around the center line and within the
interval of ± 3.50. Trends indicate a time-related variable
lurking in the background. Blocking and randomization
provide insurance against trends ruining the analysis34. As a
result, Fig. 2(d) represents that there was no apparent deviation
with the observation order (± 3.00).
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Effects of variables in the three-dimensional response

surface plots: The contour plot and the corresponding 3D
view for the initial persulfate ion concentration versus the
initial ferrous ion concentration, while holding temperature at
65 ºC and time 8 h is shown in Fig. 3(a). It is well established
that persulfate plays an important role as a source of SO4

•−

production in the S2O8
2-/Fe2+ oxidative treatment. In the present

study, various initial concentrations of S2O8
2- in the range of

4 and 12 mM were used for the mineralization of the basic
yellow 28 dye in an aqueous solution to obtain its optimal
concentration. The TOC removal per cent values showed fast
increase due to an increase of the initial persulfate concen-
tration to 10 mM, especially Fe2+ concentration in the range
of 1.5-2.25 mM. The TOC removal percentage value reached
96 % at the end of the 8 h experiments, while the persulfate

concentration was 9.7 mM at [Fe2+]0 = 2 mM. However, an
increase of the persulfate concentration beyond 10 mM
resulted in a decrease in the mineralization efficiency. Regard-
ing the effect of iron appears to have been achieved the best
results around 2 mM. If the concentration of Fe(II) is less than
1.5 and higher than 2.5 mM, the TOC removal percents may
decrease.

Temperature is one of the main parameters which influence
the production of SO4

•− in the oxidative processes based on
persulfate. In Fig. 3(b), the response surface and contour plots
show that obtained TOC removal (%) values as a function of
the initial persulfate concentration and reaction temperature,
keeping the initial concentration of Fe2+ at 2 mM and time at 8
h. It can clearly be observed that a rise in the temperature is
significantly effective on the removal of basic yellow 28. When

Fig. 2. (a) The actual and predicted plot of TOC removal percent (R2 = 0.9902 and R2
adj = 0.9804), (b) the standardized residual and normal

% probability plot of TOC removal per cent, (c) the predicted TOC removal per cent and standardized residuals plot, (d) the standardized
residuals plot for TOC removal efficiency
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the effects of the temperature and persulfate concentration on
TOC removal were investigated, the effective temperature and
persulfate concentration intervals were obtained as 55-65 ºC
and 8-10 mM, respectively. The effect of time and concen-
tration of Fe(II) on the TOC removal is shown in Fig. 3(c).
The highest TOC removal data was obtained when the
concentration of Fe(II) was hold around 2 mM. Fig. 3(d) shows
the TOC removal per cent at the mentioned range of time and
temperature, keeping the initial concentration of Fe2+ at 2 mM
and persulfate at 8 mM. An increase in TOC conversion with
both time and temperature was observed. This tendency can
be explained as follows: based on a previously described free-
radical involved reaction mechanism, the concentration of free
radicals increases with temperature and then enhances the
organic compounds degradation. Fig. 3(d) is examined, when
the amount of Fe(II) is kept around 2 mM, the results show
that the temperature should be adjusted over 60 ºC and the
time should be over 6.5 h.

Oh et al. obtained that the rate of poly(vinyl alcohol) (PVA)
(50 mg L-1) oxidation was maximized when the persulfate to
Fe2+ molar ratio was 1:1 at 20 ºC (250 mg L-1 K2S2O8 = 0.92
mM K2S2O8)24. They also observed that increasing the temperature
from 20 to 80 ºC accelerated the oxidation rate of poly(vinyl

alcohol), at these temperatures degradation of poly(vinyl
alcohol) was completed 120 and 30 min, respectively. But,
TOC removal of poly(vinyl alcohol) in the experiments has
not been followed. Li et al. also investigated the effect of pH,
persulfate concentration, ionic strength, temperature and cata-
lytic Fe3+ and Ag+ on the degradation efficiency of diphenyl-
amine (DPA) by persulfate in batch experiments25. They
observed that Ag+ ion is more efficient than Fe3+ ion and the
increase of either the pH value or ionic strength caused those
inhibitive effects on the degradation of diphenylamine (20 µg
mL-1). Their results showed that the rate of diphenylamine
degradation increased as the initial persulfate concentration
increased in the range of 4.4 to 33 mM. Nfodzo and Choi26

has also investigated degradation of triclosan by using
persulfate/Ag+ ion. They found that an oxidant: metal molar
ratio of 1:1 (stoichiometric amount) was not an optimum for
degradation of this substance. As a result, it is reported that
the reactivity of oxidant/metal systems to be depending on
the target compound. In another study7, an azo dye orange G
(OG) was degraded by the persulfate/ferrous system at pH
3.5. Batch experiments were performed in 50 mL test tubes.
In the above mentioned study it was observed that at [Fe2+] =
1 mM, increasing the dosage of persulfate from 1 to 4 mM

Fig. 3. The effect of (a) initial persulfate and ferrous ion concentrations (T = 65 ºC, t = 8 h), (b) temperature and persulfate concentration
([Fe2+]0 = 2 mM, t = 8 h), (c) time and ferrous ion concentrations (T = 65 ºC, [S2O8

2-]0 = 8 mM), (d) time and temperature ([Fe2+]0 = 2
mM, [S2O8

2-]0 = 8 mM) on TOC removal
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([Persulfate]/[Fe2+] = from 1:1 to 4:1) resulted in an increase
orange G degradation. When Fe2+ concentration varied from
0.5 to 4 mM (persulfate concentration is kept constant as 4
mM), the efficiency of orange G degradation was increased
from 54 to 99 % within 0.5 h. In this study, the optimum condi-
tions for orange G degradation was found as persulfate at 4
mM and ferrous ion at 4 mM at pH 3.5 and 20 ºC. However,
with a further increase of the Fe2+ concentration up to 8 mM,
orange G degradation reduced7. The above mentioned tendency
explained that the ferrous ion can also act as a sulfate radical
scavenger at its high concentration, according to eqn. 10.

Fe2+ + SO4
•− → Fe3+ + SO4

2-    (k = 3.0 × 108 M-1 s-1) (10)

The optimum conditions obtained in the present study
differs from others may be due to differences both target comp-
ound and experimental conditions. In addition to the previous
studies the effects of four variables alone or interaction on
basic yellow 28 degradation has been examined with the RSM
in the present study. The negative effect of the ferrous ion was
determined over the 2.5 mM Fe(II) value. The sulfate radicals
were also consumed by some other reactions35-37:

SO4
•− + H2O → OH• + HSO4

– (k = 500 s-1) (4)

SO4
•− + SO4

•− → 2 SO4
2-  (k = 8.9 × 108 M-1 s-1) (11)

SO4
•− + OH• → HSO4

– + ½ O2 (12)

OH• + OH• → H2O2   (k = 5.2 × 109 M-1 s-1) (13)

SO4
•− + H2O2 → HO2

• + H+ + SO4
2- (k = 1.2 × 107 M-1 s-1) (14)

SO4
•− + S2O8

2- → S2O8
– + SO4

2- (k = 6.1 × 105 M-1 s-1)   (15)

In work of Gozmen and Turabik, the degradation of basic
yellow 28 at the same concentration was performed by UV/
TiO2/IO4

– system and was obtained 85 % of mineralization
after 3 h treatment at pH 5.2 ([IO3

–] = 5 mM)38. However, the
obtained mineralization values of this study are lower than in
the previous study. It could be said that persulfate/Fe2+ system
is not very effective on the degradation of basic yellow 28
dye, but it can be thought of as environmentally friendly and
more economical.

It is also established that the TOC removal decreases with
the Fe3+ and/or Fe2+ ions in the solution because of the formation
of Fe ions complexes with carboxylic acids and the degradation
products39. To understand the combined effect of S2O8

2-/Fe2+,
the experiments were conducted with the use of Fe2+ and S2O8

2-

alone. However, the TOC removal was not achieved in the
above mentioned experiments.

Optimization of the removal of dye: The experimental
results were optimized by Design-Expert software using the
approximating function of basic yellow 28 removal percent in
eqn. 7. Desirability is an objective function that ranges from
zero outside of the limits to one at the goal. The simultaneous
objective function is a geometric mean of all transformed
responses:

( )1 2 n i 

1
1 nn
nD  d d d d

i=1

 
  
 

= × ×…× = ∏ (11)

The di, which ranges from 0 to 1 (the least to most desir-
able, respectively), conceives the desirability of each individual

(i) response and the number of responses being optimized is
n34.

The numerical optimization finds a point that maximizes
the desirability function. The characteristics of a goal may be
altered by adjusting the weight or importance. For several
responses and factors, all goals get combined into one desir-
ability function. The possible goals are: maximize, minimize,
target, within range, none (for responses only) and set to an
exact value (factors only)40. In this study, all factors was in the
range of experimental design value, whereas removal of basic
yellow 28 were maximized. Fig. 4 shows the TOC removal %
values in the end of the maximization study for the basic yellow
28 removal per cent (between 85 and 100 %) with the desir-
ability value of 1 depending on the selected goal for the variables.
Optimal conditions were chosen as persulfate at 9.87 mM and
ferrous ion at 1.95 mM, time at 8 h and temperature at 65 ºC
to avoid spending excess persulfate and ferrous ions for 40
mg L-1 basic yellow 28 at pH 3.5. The optimal parameter values
were validated through persulfate/ferrous oxidation experi-
ments. As a result of confirmatory experiments are performed
by using the optimal conditions and closely results (93 %)
was obtained with the data from optimization analysis using
desirability function.

Fig. 4. The maximize TOC removal % values with desirability value of 1
(between 85 and 100 %)

Identification of intermediates: A solution 40 mg L-1 of
basic yellow 28 was treated for 20, 60, 180 and 300 min at
65 ºC. The remaining organics were extracted for the analysis
of GC-MS. The hydroxyl radical and sulfate radical anion are
powerful oxidants, which can degrade the organic molecules
at a faster rate41. The degradation reaction of a dye can be
written as follows:

Dye + OH• → degradation product (12)

Dye + SO4
•− → Dye•− + SO4

2- (13)

The direct degradation of basic yellow 28 using S2O8
2-

may be ignored, because of no detectable degradation was
observed after 1 h treatment at room temperature. The aromatic
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oxidation reaction intermediates identified at the early stage
(after 20 min for 65 ºC) of the S2O8

2-/Fe2+ treatment may
indicate that the degradation pathway was initiated by two
possible paths. This was due to the oxidative attack of the
radicals. The probable pathway can be described by Fig. 5. As
the observed structures of I and III, it can be said that the main
attack of the radicals materialized to regions of A and B, which
contain the double bond. On the one hand, 2-indolinone 1,3,3,-
trimethyl (I) comes from the hydroxyl radical attack on A re-
gion, while on the other hand benzenamine-4-methoxy (II)
comes from the cleavage of the N-N (-C=N-N) bond (B
region). The supinidine, 1-β, 2-β,-epoxy (III) can form from
the hydroxylation of (I). Then, oxidative ring opening reactions
lead to formation of small structures such as 2-pentanone (M+:
86), 2-propanone, methylhydrazone (M+: 86), 2-pentanone
(M+: 86), malonic acid (M+: 104) and propanoic acid, 2-
methyl-2-hydroxy (M+: 104) (detected at before 5 min). After
the attack on the B region by the radicals, the nitrogen element
departed from the aqueous phase as NO3

–, NO2
– or NH4

+. In
the basic yellow 28 dye structure, basic yellow 28 absorbance
value at 438 nm was not observed due to the conjugated
chromophore group is broken in the oxidative degradation
process. This signifies the removal of the dye.

Mineralization of basic yellow 28 leads to the conversion
of the nitrogen and sulfur heteroatoms present in the molecule
into inorganic ions, such as nitrate, nitrite, ammonium and

sulfate ions. The evolution of these inorganic ions monitored
by the ion chromatography analyses at 65 ºC during the
treatments is shown in Fig. 6.

1 2 3 4 5
0

1

2

3

4

5

 NH
4

+

 NO
3

-

 NO
2

-

Io
n

 C
o

n
c
e
n

tr
a
ti

o
n

 (
m

g
/L

)

time (h)

Fig. 6. Time course of inorganic ions produced during mineralization of
40 mg/L basic yellow 28 aqueous solution ([S2O8

2-]0 = 9.87 mM,
([Fe2+]0 = 2 mM, T = 65 ºC)

At the beginning of the oxidation process nitrite ion
concentration is seen to be more than the nitrate. However,
the nitrite ion concentration dropped quickly and reached 0.2
mg L-1 after 5 h. The nitrate ions showed a slow rise during the
5 h up to 1 mg L-1 concentration. The nitrate concentration
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Fig. 5. Proposed reaction scheme for the initial degradation of basic yellow 28 by persulfate/ferrous oxidation
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remained stable at 4.2 mg L-1 after 2 h. Hence, the sulfate ions
formed from sources other than the dye molecule were not
measured.

Conclusion

Degradation and mineralization of 40 mg L-1 of the basic
yellow 28 aqueous solution by the S2O8

2-/Fe2+ system at pH
3.5 was studied as a function oxidation time, temperature and
initial concentration of Fe2+ and S2O8

2-. The application of the
Box-Benkhen design combined with the response surface
modeling and optimization helped in attaining the optimal
solution of reaching the maximum basic yellow 28 degradation
in an aqueous solution by the S2O8

2-/Fe2+ system. The optimum
conditions were satisfied as 8 h treatment at 65 ºC reaction
temperature; 9.87 mM persulfate initial concentration and 1.95
mM ferrous ion concentration; thereby realizing 93 % TOC
removal per cent. It was demonstrated that the basic yellow
28 structure is broken down into two main aromatic interme-
diates early in the process. To reach a TOC removal percent of
93 %, it was observed that the above mentioned aromatic struc-
tures underwent a ring opening as well as the occurrence of
smaller structures, such as organic carboxylic acids.
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