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Abstract

Coloured wastewater is discharged in a huge amount from textile industry as a result of using synthetic dyes that causes
threat water pollution. A simple sol-gel technique was used to synthesis haematite nanocrystals as a source of photo-
Fenton’s reagent. The current work is dealing with the mineralization of Bismarck Brown dye (BBD) using such reagent,
and the process parameters were optimized using response surface methodology. Central composite design of the two most
important variables of the Fenton’s reagent process (Fe’* and H,0, doses) was employed for the experimental design, and
BBD removal was maximized. The suggested model investigated that the dye removal increases with the increasing of both
reagents up to a certain limit then decreases afterwards. The reduction percentages of colour and chemical oxygen demand
under the optimum operating parameters (37.21 mg/L of the haematite nanocrystal and 412.31 mg/L of H,0,) are found to
be 76.5% and 73%, respectively. Analysis of variance and the high regression coefficient (98%) confirm a good estimation
of the experimental values by polynomial regression model. Therefore, the exploration of using haematite nanocrystals as
a Fenton’s reagent source for treating textile effluents is recommended from this study.
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Introduction

Due to the rapid development in the textile dying industries
and the extensive use of synthetic dyes, wastewater dis-
charges from such industry represent a major environmental
pollution issue. Azo dyes are considered the major classes of
synthetic dyes since up to 70% of the dyes used for commer-
cial purposes are azo dyes (Hussein 2012). According to the
presence of the azo bonds (-N=N-) such dyes are classified
to mono-, dia-, tri-azo, etc. In addition, some of those dyes or
their precursors are from toxic aromatic amines complexes.
Thus, both human and the marine life are seriously affected
due to their toxic and highly carcinogenic effect. To develop
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the environmental performances, different treatment tech-
nologies have been applied in order to mange those aquatic
effluents (Abu Amr et al. 2014; Kumaravel et al. 2015; Tony
et al. 2018). Over the last decades, to overcome the increas-
ing demand of human being for water, several techniques
have been developed for industrial wastewater treatment.
According to the literature, for instance, some researchers
applied non-reagent physical techniques for treatment such
as filtration, coagulation and precipitation (Zhao et al. 2009;
Kotut et al. 2011; Ashour and Tony 2017). Additionally,
some studies reported the application of adsorption methods
for wastewater treatment (Parker et al. 2012; Ashour et al.
2014; Torrades and Garcia-Montano 2014; Tony 2019).
However, such techniques are not efficient or adequate for
treatment since they transfer the pollutant from one phase
to another without mineralizing them besides the high cost
of maintenance and treatment. Thus, there is an urgent need
to improve feasible alternative techniques for treating the
industrial wastewater in an economic and viable approach
that environmentally friendly and does not produce a sec-
ond pollution. Recent studies suggested the significant use
of the oxidation techniques such as Fenton’s reagent as an
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attractive alternative method for treating dyed wastewater
(Chen et al. 2012; Torrades and Garcia-Montano 2014).

Recent advances in the wastewater treatment oxidation
are the innovative nanomaterials application. Nanomateri-
als revealed a promising improvement in the hazards and
toxic contaminant remediation and removal (Babupon-
nusami 2014; Tony et al. 2016). Nanomaterial is applied
previously as an alternative way to enhance the Fenton’s
reagent oxidation technique. Nanomaterials as a source
of Fenton’s reagent have many applications in wastewater
treatment with various pollutants, for instance, humic acids
(Nie et al. 2010), chlorophenol (Lu et al. 2002) and phenol
(Prucek et al. 2002). However, according to the literature,
nanocrystals as a source of Fenton’s reagent have not been
applied so far for treating BBD effluents.

Response surface methodology (RSM), which is a combi-
nation of mathematical and statistical procedures, is appro-
priate for modelling and evaluating the several variables
influencing the responses even in the existence of involved
interactions. To date, the traditional optimization researches
of wastewater processes have focused on one-variable-at a
time methodology. However, this study does not consider
the cross-effects of the considered variables. Thus, this
time consuming method with a lack of accurate optimum
values (Torrades and Garcia-Montano 2014; Tony et al.
2011; Mourabet et al. 2017). The main objective of RSM
application in the treatment can result in improving the Fen-
ton’s reagent process by determining the optimum variables
values and maximizing the response with a decrease in the
experiments numbers. Also, the extensive literature exami-
nation demonstrates none of researchers examined the Fen-
ton’s parameters optimization using CCD for BBD removal.
In this respect, the present investigation introduces the appli-
cation of two-variable central composite design (CCD) for
BBD removal using photo Fenton reagent to evaluate the
colour (C) removal and COD reduction in the BBD waste-
water as dependent variables. The two selected variables
applied in this study are nanocrystals dose and hydrogen
peroxide reagent as independent variables. Subsequently, the
mathematical models correlating C and COD removals of
the two variables were established.

Materials
Wastewater

The textile dye Bismarck Brown (BBD), with a molecu-
lar formula of (C,;H,,Ng-2HCI), its molecular weight is
461.39 g/mol and water solubility is 11 g/L at 25 °C is the
target pollutant in this study. Real textile dying wastewa-
ter samples were collected from a service of dying facil-
ity of Jeans garments using Bismarck Dye in Menoufia

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

Governorate, Shebin ElI-Kom City, north of Egypt between
the period of February and April 2018. Wastewater was
collected subsequent the washing facilities conducted after
the re-dying process to remove the extra dyes. The main
characteristics of wastewater are BBD load is 13.28 mg/L,
and COD 1240 and the Suspended Solids (SS) are 23 mg/L
with an effluent pH of 8.0.

Synthesis and Characterization of Fe,0,
nanocrystals

Nano-crystalline Fe,O; from aqueous solutions of iron
chloride precursor was synthesized using a simple sol—gel
technique, and the final product is attained after calcina-
tion. The synthesized nanocrystals by this method were
confirmed using X-ray diffraction (XRD) patterns. IR
spectroscopy using FTIR was used for identification of
functional groups and confirmed such type of nanocrys-
tals. Also, the surface morphology was performed using
transmission electron microscope (TEM), which found the
particle size is varied from 6.1 to 18.3 nm as previously
found in our preliminary experiments.

Photochemical reactor and procedures

A lab-scale batch mode test of the experimental set-up is
shown in Fig. 1. A 12 W UV lamp inside a glass sleeve
is immersed in a glass container. Firstly, nanocrystals are
added to 100 mL of wastewater solution with pH 3.0 (the
optimum pH according to our preliminary investigation).
Thereafter, the reaction is initiated by adding H,O, rea-
gent. The reagents are well mixed in the BBD aqueous
solution, and then, the solution is poured to the photo-
reactor container. All experiments were conducted at room
temperature at stirring speed of 800 rpm and pH 3.0. After
10 min of reaction time treatment, the substrate of the
treated wastewater samples is subjected to COD and colour
removal analysis.

Glass Tube > —
UV Lamp P T
BB dye Power Supply
Wastewater .
Reagent =0
Mixture Rotor (Stirrer Body)
Magnetic Stirrer

Fig. 1 Scheme methodology of nano-photo-Fenton investigation
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Central composite experimental design (CCD)

Based on response surface methodology (RSM), central
composite experimental design (CCD) technique was chosen
to conduct the optimization of the experimental conditions
for BBD removal from aqueous solution using photo-Fenton
reagent. RSM is a valuable statistical tool that maximizes
the response surface affected by operating variables based
on a few sets of experiments within a chosen range. RSM
is applied widely in the optimization of operating variables
(Bhatia et al. 2007), experimental conditions of advanced
oxidation process, adsorption processes and biological
techniques (Raquel et al. 2015), etc. In this study, CCD is
applied for optimization of operating parameters, namely
nanocrystals Fe,O5; dose and H,O, reagent concentration for
maximizing BBD removal. The leading objectives of BBD
reduction are based on colour removal and COD reduction
efficiencies of the dyed wastewater. In order to evaluate the
process, five levels of the two main factors: nanocrystals
(E)) and H,O, (E,) doses, were chosen as shown in Table 1.

After conducting the experiments, the actual experimen-
tal data aimed at developing the model (shown in Table 2)
were analysed through least-square method; thus, the cor-
relation of the independent variables and the responses was

estimated by the following second-order polynomial model
(Khuri and Cornell 1996):

fi=B,+ Z Biei + Z pie; + Z Z Bieie;

where f; is the predicted response for C and COD removal,
respectively; f,, B;, B, and B;;, are the model coefficient and
e, and e, are the independent variables.

RSM was applied to the experimental data using statisti-
cal analysis software (SAS) to predict the models through
regression analysis and analysis of variance (ANOVA) (SAS
1990). Three-dimensional response surface and two-dimen-
sional contour plots were created by applying Mathematica
software (V 5.2) to visualize the interactive effects of the
independent factors. Optimum region was also located based
on the main parameters in the overlay plot.

ey

Dye removal determinations

Concentration of wastewater substrate was monitored by
measuring both colour removal using spectrophotomet-
ric techniques at a wavelength of 526 nm at the maximum
absorbance peak (UV-visible spectrophotometer, model
Unico UV-2100, USA). Besides, the measurement of its
chemical oxygen demand (COD) following the standard

Table 1 Range and levels of

Variable Symbols Range and levels
natural and corresponded coded
variables for CCD Natural Coded? — 1.41421 -1 0 1 1.41421
Fe’* (mg/L) e E, 11.72 20 40 60 68.28
H,0, (mg/L) e, E, 117.2 200 400 600 682.8
4Code level (E, =(e; —40)/10, E, = (e, —400)/200
Tab!e 2 The CC],) experimental Trail no Variables Responses (%)
design with two independent
variables Codified factors Natural factors Experimental Predicted
E, E, e e hi b5 h f2
1 -1 -1 20 200 54 51 53 49
2 -1 1 20 600 50 52 52 55
3 1 -1 60 200 42 40 41 39
4 1 1 60 600 47 45 49 45
5 —1.41421 0 11.72 400 52 54 53 53
6 1.41421 0 68.28 400 38 40 41 40
7 0 — 141421 40 117.2 45 42 48 44
8 0 1.41421 40 682.3 54 53 54 51
9 0 0 40 400 75 72 76 72
10 0 0 40 400 74 71 76 72
11 0 0 40 400 79 75 76 72
12 0 0 40 400 77 72 76 72
13 0 0 40 400 73 70 76 72
aﬁ#m;ﬁ @ Springer
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methods (APHA 1998) is conducted. pH of the wastewater
samples was measured and adjusted using a digital pH-meter
(AD1030, Adwa instrument, Hungary).

Calculation methods

BBD dye removal from wastewater was calculated according
to the following equations:

Co B Cl

Jfi=——x100 )
COD, — COD,

h="cop, % ®

o

where f; and f, were the colour (C) removal and chemical
oxygen demand (COD) removal; C,, COD, and C,, COD,
were the initial and finial values of C and COD.

Results and discussion
Mathematical model build-up

In the present study, photo-Fenton reagent based on the
nanocrystalline iron oxide was investigated to treat BBD
wastewater under different operational conditions: Fe3*
(11.72-68.28 mg/L) and H,0, (117.2-682.8 mg/L) at the
operating pH 3.0. A central composite design (CCD) was
applied as it is very commonly used in the RSM technique
and the simple linear or quadratic models can be related
to the response values (Colour and COD removals in this
study) (Tak et al. 2015). The thirteen experiments are neces-
sary for the design matrix of the two factors (Fe’* and H,0,
doses) with five levels of each factor, which were considered
to cover the experimental domain. Values of the experimen-
tal responses variable (C and COD reduction) are given in
Table 2 along with their predicated responses values. The
predicted responses of C and COD removal values were
obtained from the second-order polynomial equation fitting
using SAS software [Egs. (4), (5)]. The response values (f)
for %C removal and (f,) for %COD removal are presented
by the following equations to attain the interaction between
dependent and independent variables:

fi =75.53 —4.29E, + 1.88E, — 14.92E} + 2.22F | E, — 12.74E;
“
fo =72 —472E, + 2.69E, — 12.56E; — 12.31E, (5)

where f| and f, are %C and %COD removal of BBD from
wastewater, £, and E, are the codified values of the operating
parameters nanocrystals iron oxide and hydrogen peroxide
concentrations, respectively. At this point, the experimental
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responses for %C and %COD removals are presented in
Table 2. The corresponding predicted responses obtained
from the models [Eqs. (4) and (5)] are very close as shown
in Fig. 2, demonstrating that both values were accurate and
reliable.

In order to test the suitability and the significance of the
model, analysis of variance (ANOVA) was conducted using
SAS software. The obtained regression equations of the pol-
ynomial models from ANOVA indicated that the correlation
coefficient (R?) for f, and f, are 98.47 and 98.80, respectively.
This indicates a good correlation between experimental and
predicted models. In fact, the quality of the model is well
fitted when R? is suggested to be at least 0.80 (Arslan-Alaton
et al. 2009; Tony and Bedri 2014).
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Fig.2 Comparison between actual and predicted values of models a
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In the ANOVA test of the two models presented in
Table 3, the Fisher variance ratio, F value is used as a meas-
ure to estimate the way that the factors explains the variation
in the mean of data (Montgomery 1991). F value is 89.98 for
C removal and 115.73 for COD removal. Simultaneously, the
given very low probability (P-value) (0.0001) is considered
significant when it is (P,,, ;> F) <0.05 in surface response
analysis (Montgomery 1991; Tony et al. 2015). Moreover,
the coefficient of variation, CV, recorded low values of
3.39% C removal model and 4.08% for COD removal model
that confirms the reliability and good precision of the experi-
mental data as recommended by Kuehl (2000). Therefore, it
is concluded that the model fitted well and highly significant
and the estimated factors effects are real.

Effect of the investigated variables on colour
and COD removal

Subsequently, the verification of significance of the model,
the suitability of the variables and interactions is identified
following the Student ¢ test (Montgomery 1991).

Based on the F values (Table 3), nanocrystals dose (E,)
has significant effect (P <0.001) and (P <0.0002) on the
responses of C and COD removal (f}, f,), respectively as it
had a larger coefficient than hydrogen peroxide concentra-
tion (E,). The interaction effects between E; and E,, were
moderate. Positive coefficient of H,0, (E,) indicated the
linear effect of increase in f; and f,. However, iron nanocrys-
tals dose (E,) had a negative effect along with and quadratic
terms (E,* and E,?) that decreases f, and f, responses. The
positive effect of the interaction term (£, E,) increases f;

response. Furthermore, in order to attain a better understand-
ing of the results, 3D surface graph and 2D contour plots
were used to attain a better understanding of the results,
the dependent (f; and f,) and independent variables (E,;
and E,) using Matlab (7.11.0.584) software. The interac-
tion effects of Fe®* nanocrystals and H,0O, concentrations
on the C removal efficiency presented in the 2D contour
plots in Fig. 3b that simulated from Eq. 4. As seen from
Fig. 3a, b, the surface and contour plots showed that the %C
removal was increased with increasing both the nanocrystals
and H,0, reagent doses. However, further increase in both
reagents doses after a certain point, the reaction is retarded.
This phenomenon indicates that the optimum operating con-
ditions of Fe** and H,0, according to colour removal are
37.21 and 412.31 mg/L, respectively. Based on the maxi-
mum COD reduction, the optimum values are 36.24 and
421.88 mg/L, respectively (as seen in Fig. 4a, b). Notably,
this is obviously near to the optimal points with that from
colour removal test.

From Figs. 3 and 4, it can be estimated that the key factor
for the colour and COD removals is the nanocrystals Fe**
concentration. However, even the hydrogen peroxide reagent
effect is also important, but its effect is at a lower level. A
negative effect in both responses, C and COD reduction,
is observed. This effect is related to the scavenging effect
of radicals. However, optimal doses are needed for photo-
Fenton reaction to occur. This could be illustrated by the
increase in H,0, in the presence of iron crystals resulted
in the increase in-OH radicals generation. These radicals
are the main responsible of the Fenton’s reagent as those
radicals are attaching the organic pollutant and mineralizing

Table3 ANOVA for the

. Relationship Source df SS MS F Pr>F
regression model and the
respective models terms f;, model 5 2612.335 522.467 86.55539 0.0001
Linear E, 1 151.3691 151.3691 25.07682 0.001552
E, 1 25.51879 25.51879 4.227615 0.078816
Quadratic E > 1 1581.19 1581.19 261.9505 0.0001
E,? 1 1144.452 1144.452 189.5977 0.0001
Interaction E\E, 1 19.6249 19.6249 3.251193 0.114363
Error 7 42.25351 6.036215
Total 12 2654.588
/> Model 5 2144.824 428.9648 1157336 0.0001
Linear E, 1 178.5935 178.5935 48.18409 0.000223
E, 1 58.08556 58.08556 15.67134 0.005471
Quadratic E? 1 1097.852 1097.852 296.1976 0.0001
E)? 1 1054.591 1054.591 284.5261 0.0001
Interaction E\E, 1 4 4 1.07919 0.333425
Error 7 25.94539 3.706484
Total 12 2170.769

df degrees of freedom of variance source, SS sum of squares, MS mean of squares (=SS/DF), F F value of
variance source, P probability of error to be significant
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Fig. 3 Plots of colour removal response with respect to Fe** dose and H,0, dose of photo-Fenton reaction a 3D surface plot, b 2D contour plot
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Fig.4 Plots of COD removal response with respect to Fe** dose and H,0, dose of photo-Fenton reaction a 3D surface plot, b 2D contour plot

them. Thus, C and COD removals are enhanced. However,
excessive amounts of both reagents had a determinable
effect on the overall removal efficiency because of undesir-
able reactions that may occur between hydroperoxyl radicals
and excessive amounts of H,0, and Fe3*, thus, reacting with
hydroxyl radicals and scavenging them according to the fol-
lowing equations (Tony and Bedri 2014):

H,0, + OH — HO, + H,0 (6)

Fe’* + HO, — O + Fe’* + H* 7

bjsliase cllol & :
Pm%rmlg roglal 2 Springer

Fe’* + HO, — HOj + Fe** (8)

Fe’* + OH — HO™ + Fe** )

Parameters optimization within designated
constraints and verification

The optimal values for two independent variables, naon-
crsyals of iron oxide and hydrogen peroxide reagents for
colour and COD removals were attained using the numeri-
cal optimization future of Mathematica software (V 5.2).
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Fig.5 Overlay contour plots for
photo-Fenton optimal region of
two responses
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Table 4 The preset goal with the constrains for all the independent
factors and responses in numerical optimization

20 30 40 50
Fe3* concentration, mg/L

Table 5 Predicted and experimental values for the responses at opti-
mum conditions

Variables Ultimate goal ~ Experimental region Fe™* dose H,0, dose Colour removal (%) Error
— — (mg/L) (mg/L) . :
Lower limit ~ Upper limit Experimental ~ Predicted
Factors 37.21 412.31 75.9 76.5 0.6
Fe* dose, E| In range 11.72 68.28 COD removal (%)
H,0, dose, E, In range 117.2 682.8 Experimental _ Predicted
Response
Colour removal (%)  Maximized 38 79 36.24 421.88 72.6 73 0.4
COD removal (%) Maximized 40 75

Additionally, a graphical optimization presented in Fig. 5
displays the area (yellow portion zone) of feasible response
values in the factors space. All the factors and responses
with the particular high limit and low limit experimental
region are significant and fit the standards that described
the optimum values as stated in Table 4. The optimum
values for Fe** and H,0, are 37.21 and 412.31 mg/L with
maximum response of 75.9 for C removal. By compar-
ing the optimum values in Fig. 3 with Fig. 4, it can be
observed that the location of optimal operating conditions
from C test was rational from COD test.

Ultimately, to validate the model adequacy, an addi-
tional experiment was performed using those amounts.
The experimental colour and COD removals are 76.5%
and 73%, compared to 75.9% and 72.6%, respectively, for
the predicted values (Table 5). This confirms that the CCD

based on RSM was a powerful tool for locating the accu-
rate optimal values of the independent variables.

Conclusion

The performance of photo-Fenton technique for col-
our removal and COD reduction in BBD wastewater was
investigated. Among this study, by observing the effects of
interactions among the variables on colour, C, and COD
removal efficiencies, the RSM experimental conditions were
optimized. The results demonstrated significant effects of
the two operating variables (iron oxide nanocrystals and
hydrogen peroxide concentrations) as well as their interac-
tive effects on the two responses. CCD was applied to locate
the optimum removal rate for both responses. According
to ANOVA, the proposed second-order polynomial model
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is verified and thus the model is accepted. Notably, the
obtained high R* values for the two models are attained
(98.47 and 98.80 for C and COD removals, respectively)
which confirms the high accuracy of the models. The pre-
dicted colour and COD removals are 75.9 and 72.6% at
the optimum operating conditions at pH 3.0. Furthermore,
the economical experimental values of the two responses
maximized to 76.5% and 73% for C and COD models,
respectively.
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