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Optimization of UV/H,O,/Fe,O, process to remove aniline from aqueous
solutions using central composite methodology
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ABSTRACT

Aniline with a benzene ring in its structure is a toxic, carcinogenic and mutagenic compound that
causes many diseases in humans. Various methods have been developed to remove this pollutant from
the environment among which the advanced oxidation has been successful in obtaining higher aniline
removal efficiency. In this study, a UV light and Fe,O, nano catalyst were used to remove aniline. In
this study, the efficiency of aniline removal was studied as a dependent variable and aniline, hydro-
gen peroxide and iron nano catalyst concentrations, time and pH were investigated as independent
variables. The concentration of aniline was measured by spectrophotometer. The optimization of the
process was determined using the response surface method design and the central composite design
model. Design Expert software was used to analyze the data. The results showed that the aniline
removal efficiency decreased with increase in nano-catalyst concentration, hydrogen peroxide concen-
tration and time and decreased with increasing pH and aniline concentration. To achieve maximum
efficiency (78.1%), the optimal values for pH; initial concentration; time; nanoparticle content and
H,O, content were 3.2; 101 mg L; 50 min; 0.45 g L™ and 31.08 mmol L. The results showed that the
photo-Fenton process has a desirable ability to remove aniline from aqueous solution at pilot scale.
Therefore, it was suggested to study the efficiency of this process as one of the clean and environmen-
tally friendly methods at full scale on real wastewater.

Keywords: Aniline; Iron nanoparticles; Advanced oxidation; Response surface methodology; Central

composite design

1. Introduction

Water pollution caused by industrialization, urbaniza-
tion and population growth is a major issue in the world,
especially in developing countries [1]. Aniline is used as an
important chemical compound in many fields, including dye-
ing, rubber, pesticides, plastics and pharmaceutical indus-
tries [2-5]. Aniline is classified by the US Environmental
Protection Agency (US-EPA) as a priority pollutant [6,7],
which has the chemical formula C;H,NH, and has a benzene
ring in its structure [1,8]. Aniline is a toxic, mutagenic and

* Corresponding author.

carcinogenic compound that converts hemoglobin to met-
hemoglobin and causes diseases such as cyanosis, anemia,
appetite loss, weight loss and neurological, renal and hepatic
disorders [5,9]. The wastewater containing aniline enters
it to the receiving waters, thus its limits in China, Canada
and US Environmental Protection Agency were reported as
1mg, 2.2 mg and 6 pg L, respectively [10,11]. Therefore, it is
necessary to remove it from aqueous solutions.

In recent years, advanced oxidation processes (AOPs)
have been used as efficient methods for obtaining high oxi-
dation efficiency of various types of organic compounds
[12]. The UV/H,O, process is one of the advanced oxidation
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methods used to remove various types of resistant pollutants
[13]. Another advanced oxidation method is processes based
on the Fenton reaction, the advantages of which include
high efficiency, simple operations and low-cost materials.
However, the homogeneous Fenton system can be difficult
and expensive due to the presence of a large amount of iron
in the water followed by the removal of sludge from the
final wastewater [14]. The Fenton-like (ferric iron instead of
ferrous iron) can be catalyzed by hydrogenated catalysts,
including ferric iron, native or added iron oxides specific
transferred metals. Iron oxides such as geothetes (a-FeOOH),
hematite (a- Fe,O,), magnetite (Fe,O,) and ferrihydrite
(a- Fe O,.9H,0) were all capable of catalyzing hydrogen
peroxide [15,16]. Among metal nanoparticles, iron nanopar-
ticles (Fe,O,) have been more widely considered because of
their high frequency, non- toxicity, rapid reaction, and high
ability and efficiency [17]. Fe,O, nanoparticles can also be
easily removed from the reaction by an external magnet [14].

So far, many studies have been conducted on the removal
of aniline by AOPs. The results of Zhao et al. [18] showed
that aniline was removed by 23.1% and 67.7% using UV and
UV/O, processes. In a study conducted by Anotai et al. [19] on
aniline by Fenton and electro-Fenton processes, it was found
that 38% and 85.9% of aniline were removed, respectively.

Advantages and disadvantages of the present study are
summarized as below:

Advantages: 1- Application of two oxidants namely; UV
and Fe,O, with together in same times in single reactor, led
to increase the production of OH-radicals and will increased
removal efficiencies of aniline in shorter time. 2- By using of
a magnet to adsorb aniline after degradation by hydroxyl
radicals, Fe,O, nano-catalysts are easily separated from the
solution, and in this case, the feasibility of process will be
increased in full-scale applications. 3- This method has been
considered as a clean method due to no secondary contami-
nation and no sludge production.

In full-scale applications, preservation and shading of
UV lamps and also need to pretreatment of strong aniline
polluted wastewater, may be short comings of this process.

Therefore, the purpose of this study was to evaluate the
efficiency of aniline removal by the UV/H,O,/Fe,O, process.
The synergistic effects of ultraviolet radiation and Fe,O,
nanoparticles in the production of hydroxyl radicals (OH)
were also investigated.

2. Materials and methods
2.1. Chemicals and materials

Magnetite iron nanoparticles Fe, O, with a particle size
of 15-20 nm, a 6 W — middle range — UV-C lamp and ani-
line, H,50O,, NaOH and H,O, (30%) were purchased from
US-Nano Corporation, Osram, Germany, and Merck,
Germany, respectively.

2.2. Experiment

In this research, AOP, including UV/H,O,/Fe,O,UV/H,O,/
Fe,O, was used for aniline removal from synthetic samples.

Stock solution (1,000 mg L™) of aniline was prepared
according to Standard Methods book. Then, standards of
stock solution were made at concentrations of 20, 57.7, 112.3

and 150 mg L. The amounts of 10, 18.7, 25, 31.3 and 40 mmol
of hydrogen peroxide, 0.5, 0.93, 1.25, 1.57 and 2 g of Fe,O,
nanoparticles were considered to prepare hydroxyl radicals
with UV lamp and the periods of 10, 24.5, 35, 45.5 and 60 min
were intended to evaluate the effect of time on the oxidation
process. The pH of the solution was adjusted by 0.1% nor-
mal sulfuric acid (H,SO,) or 0.1% normal sodium hydroxide
(NaOH), that is, 3, 5.3, 7, 8.7 and 11. All experiments were
carried out in a batch glass reactor with specific volume of
2 L that equipped with a 6 watt UV lamp covered with a
quartz tube and mechanical mixer of 120 rpm. The reactor
was placed in a wooden chamber with no aperture and in
full darkness, and all experiments were carried out at room
temperature. The volume of the applied solution was 2 L.
0.45 pm Whatman filter paper (cellulose acetate) was used
to isolate nanoparticles from solutions. To measure aniline
concentration, a UV-2100 spectrophotometer was used with
a wavelength of 230 nm [1,20]. The percentage of aniline
removal was calculated by Eq. (1):

Removal(%) = % x100 (1)

0

where C and C, are the initial and final concentrations of
aniline, respectively [20-23].

2.3. Experimental design

One of the response surface methodology (RSM)
approach, that is widely used in researches, is the central
composite design (CCD) [24]. In this study, RSM based on
the CCD was used to evaluate the interaction effect on the
response function (color removal efficiency) and predict the
best response rate [25,26]. This method designates five levels,
including +a, +1, 0, -1 and —a. In order to design experiments
with a central composite design, minimal and maximum lev-
els were given to Design Expert software and the other lev-
els were determined between the maximum and minimum
points by the software [27,28]. The variables in this study
included pH (A), H,O, concentration (B), time (C), Fe,O,
nanocatalysts concentration (D) and aniline concentration
(E). Aniline removal efficiency was the dependent variable
in this study. Based on the effects of factors in five levels with
five factors and eight repetitions at the central point, the total
number of experiments in this design method was 50 tests.
Five levels for the factors were shown in Table 1.

Table 1
Variable range based on central composite design
Independent variables Levels

+a 1 0 -1 -
pH 11 8.7 7 53 3
Amount of H,O, (mmol/L) 40 313 25 18.7 10
Time (min) 60 455 35 245 10
Amount of Fe,O, (g/L) 2 1.75 125 093 05
Concentration of aniline 150 1123 85 57.7 20

(mg/L)
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3. Result and discussion
3.1. Characteristics of Fe O, nanoparticles

The surface morphology of the sorbent was determined
by scanning electron microscopy (SEM). The characteristics
of Fe,O, nanoparticles are shown in Table 2. Fig. 1 illustrates
the SEM of nano-Fe,O, nanoparticles.

3.2. Statistical analysis

In the UV/H,O,/Fe O, process after the effect of variables,
a quadratic equation was obtained which was used to pre-
dict efficiency and indicated the experimental relationship
between variables and efficiency:

R (%) =+39.15-6.95 A+1.84 B+12.39 C+3.06 D
-9.87E-0.13AxB+0.044 AxC-0.003A =D
026 AxE-0.11BxC+025BxD-0.019BxE
-0.031CxD+0.54CxE-0.12D x E+1.95 A?

-0.58 B2+ 0.5 C*-0.14 D*+0.2 E? ()

where A is pH, B is the concentration of H,0,, C is time, D

is iron nanocatalyst and E is aniline concentration. Statistical

analysis results are presented in Table 3. Also, the signifi-
cance of each coefficient is presented by the p-value.
According to Table 3, the amount of p-value for the
designed model was <0.00001 which indicates that the pro-
posed model is important for the removal of aniline by the

UV/H,0O,/Fe,O, process so that the p-values smaller than 0.05

and larger than 0.1 in the model indicate whether they are

important or irrelevant [29]. The value of R-squared (0.98)

Table 2
Characteristics of Fe,O, nanoparticles

Color Dark brown
Purity (%) 98
Nanoparticle size (nm) 20-30
Special surface area (g/m?) 53

Fig. 1. SEM image of the Fe,O, nanoparticle.

means that the model has an acceptable accuracy. Also the
predicted and adjusted R-squared were 0.92 and 0.97, respec-
tively, indicating a logical agreement with each other. On the
other hand, the adequate precision parameter indicates the
ratio of warning to the disorder and if it is greater than 4,
it will be acceptable and in this study the value of 34.9 is a
desirable value.

In this study with the model presented by the software
which is confirmed above, all the parameters were set at
maximum level of 76.06 within the design and removal effi-
ciency range. To achieve the maximum efficiency of 76.06%,
the optimal values for pH, initial aniline concentration, time,
nanoparticle and H,O, contents were 3.2, 101 mg L™, 50 min,
1.45 g L™ and 31.08 mmol L7, respectively and these condi-
tions were implemented with three repetitions and a mean
efficiency of 78.1% was obtained.

Fig. 2 shows the results of the study as surface diagrams
(three dimensional) that is related to the effect of pH, H,0,
concentration, time, iron nano-catalyst concentration and
aniline concentration on the aniline removal efficiency.

Fig. 2(a) shows the effect of pH and H,O, concentration.
As shown in the diagram, with increasing pH, the efficiency
was decreased and with increasing H,O, the removal effi-
ciency increased.

Fig. 2(b) represents the effect of the concentration of
Fe,O, nano-catalysts and time. According to the diagram, the
removal efficiency increased with increasing concentration of
Fe,O, nano-catalyst and time.

Fig. 2(c) shows the effect of the concentration of H,O,
and aniline nano-catalyst where the removal efficiency was
reduced by increasing aniline concentration.

Regression coefficients evaluate the adequacy of the
model by residuals (the difference between response and
observed values), which is expected to occur according to a
normal distribution. Normal probability diagrams (Fig. 3)
are suitable graphical methods for judging the normality of
the residuals. The observed residuals vs. predicted values are
shown in Fig. 2 as normal distribution. The analyzed resid-
uals should have a normal distribution and average devia-
tions from normal state do not have a significant effect on
the results. The normal probability diagram for the residuals
should be a straight line.

Fig. 3(a) shows the dispersion of residuals and
how the residuals follow a normal distribution. In this way,
the proximity of the points to the ascending line confirms the
assumption that the variance is constant. Fig. 3(b) shows the
residuals vs. the predicted values and this diagram presents
the residuals based on random dispersion to zero where the
higher density of points around the graph shows the constant
variance, the correlation between quantities and distribution
of the observed values around the regression. Fig. 3(c) spec-
ifies the residuals for the corresponding observations, and
this diagram shows that the residuals oscillate in the form of
a random pattern across the midline where the error percent-
age will be reduced by less data dispersion [25,26].

Perturbation diagram is shown in Fig. 4. In this diagram,
the effects of all factors on the central point are compared.
The perturbation diagram helps to compare all the factors at a
specific point in the design space [30]. As can be seen, among
the five factors of pH (A), H,O, concentration (B), time (C),
nano-catalyst concentration (D) and aniline concentration (E)
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Table 3
Analysis of variance (classical sum of squares — type II)

255

Source Sum of squares df Mean square F value p-value Probability > F
Model 13,810.3 20 690.66 75.95 <0.0001
pHA 2,092.48 1 2,092.48 230.11 <0.0001
H,O, (mmol L) B 146.59 1 146.59 16.12 <0.0004
Time (min) C 6,651.1 1 6,651.1 731.41 <0.0001
Fe,O,(gL") D 405.31 1 405.31 44.57 <0.0001
Dye (mg L") E 4,219.33 1 4,219.33 463.99 <0.0001
AB 0.56 1 0.56 0.062 0.8055
AC 0.063 1 0.063 0.003 0.9342
AD 0.004 1 0.004 0.005 0.9972
AE 2.22 1 2.22 0.24 0.6253
BC 0.4 1 0.4 0.044 0.8361
BD 1.98 1 1.98 0.22 0.6443
BE 0.011 1 0.011 0.003 0.9722
CD 0.03 1 0.03 3.3 0.9546
CE 9.31 1 9.31 1.02 0.32
DE 0.45 1 0.45 0.049 0.8262
A? 211.6 1 211.6 23.27 <0.0001
B? 18.64 1 18.64 2.05 0.1629
c? 13.87 1 13.87 1.53 0.2267
D? 1.06 1 1.06 0.12 0.7353
E? 2.3 1 2.3 0.25 0.6187
Residual 261.71 29 9.09 - -
Lack of Fit 263.41 22 11.97 2779 <0.0001
Pure error 0.3 7 0.043 - -
Corrected total 14,077.01 49 690.66 - -

time and aniline concentration have the most effect on the
removal efficiency.

In this study, with increasing pH the removal efficiency
decreased. Liu et al. [31] reported that the highest aniline
removal efficiency was obtained at a pH between 3 and 4 and,
with increasing pH, the removal efficiency decreased. In fact,
with increasing pH, the catalytic activity decreases, which
results from the precipitation of iron hydroxides and the loss
of its catalytic activity and at the same time by reducing pH
lower than 3, the H* ions act as inhibitors and affect hydroxyl
radicals [31]. In other words, the photocatalytic reaction has
the highest productivity in acidic pH. This is due to the pres-
ence of more hydrogen ions in the acidic environment acting
as a precursor to hydrogen radicals. These radicals then form
the InlineEqn1 radicals by reacting with the oxygen present
in the solution and ultimately lead to the production of OH'
radicals [32]. In confirmation of the present study, the study
by Mandal et al. [33] showed that in the photo-Fenton pro-
cess, hydroxyl radicals are produced by the reaction between
Fe* and H,O, at an optimal pH of 2.7. Also, the results of
the study by Shams-khoramabadi et al. [34] showed that
at pH = 5, the maximum efficiency of aniline removal was
obtained and by decreasing the pH, the efficiency of the pro-
cess decreased.

As it was observed with increasing H,O, from 10 to
40 mmol L7, the removal efficiency increased. The concen-
tration changes of this compound as a major factor in the

production of OH' has a great effect on the efficiency of ani-
line removal. In a study by Yazdanbakhsh [35] on the phenol
removal by the Fenton-like process, the increase in efficiency
was attributed to the increase in H,O, content and by increas-
ing H,0, the number of hydroxyl radicals increases, they
have better accessibility and the removal efficiency increases.
Aleix et al. [36] reported that the increase in H,O, concen-
tration increased the aniline removal rate. Malakootian and
Asadi [37] argued that with increasing H,O, concentration,
the phenol removal efficiency increased. They also reported
that with excessive increase in concentrations of hydro-
gen peroxide; this substance is decomposed into oxygen
and water and hydroxyl radicals are combined together.
Therefore, the excessive presence of hydrogen peroxide
decreases the removal efficiency. They stated the reason as
the reaction between additional H,O, with hydroxyl radical
and production of less-reactive radicals [37]. Similar results
were also reported by Dehghani et al. [38].

In this study, the removal efficiency increased with
increasing concentration of Fe,O, nano-catalyst. In fact with
increasing the concentration of the nano-catalyst, more active
unsaturated active surface is available and the production of
hydroxyl radicals increases [39]. The results of this study are
consistent with the study by Kadirova et al. [40] on the effect
of loading Fe,O, in photocatalytic decomposition of methy-
lene blue. It has been stated in this study that with increas-
ing catalyst concentration, the number of absorbed photons
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increases and eventually leads to an increase in the number
of active sites on the photocatalyst surface. As a result, with
increasing Fe,O,, the photocatalytic decomposition of methy-
lene blue increases [40]. In Zhang et al. [41] it was found that
that with increasing nano-catalyst from 0 to 5 g L™, the pro-
duction of hydroxyl radicals and consequently the removal
efficiency of phenolic compounds increased. Gogoi et al. [42]
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concluded that by increasing the CaO,/Fe,O, catalyst to
50 mg in the acidic environment, more catechol is likely to
be decomposed the reason of which is attributed to its small
particles, more active sites and larger Fe,O, contact surface.

With increasing radiation time, the removal efficiency
increased. In fact, with increasing time, hydroxyl radicals
have more time to react with UV rays. Increasing time also
increases the interactions of hydroxyl radicals with organic
matter molecules [43]. The results of the study by Karthikeyan
et al. [44] on aniline removal by the heterogeneous Fenton
process showed that the removal efficiency was increased by
increasing the time from 10 to 60 min. In a study conducted
on absorption and decomposition of methylene blue with
hematite-active carbon under UV by Kadirova et al. [40] it has
been shown that with increasing time, the removal efficiency
has increased. Similar results were obtained by Lofrano [45].

In this study, it was observed that with increasing the
initial concentration of aniline from 20 to 150 mg L7, the
removal efficiency decreased. In other words, the removal
efficiency is inversely related to the pollutant concentration.
This is due to the fact that although aniline concentration
increases, the hydroxyl radicals do not increase as a result
of it. Therefore, the low ratio of hydroxyl radicals reduces
the removal efficiency [46]. The results of Sanchez et al. [47]
on phenol removal by iron catalyst were consistent with the
results of this study based on the fact that the removal effi-
ciency is reduced by increasing the pollutant concentration.

The results of the study by Rahdar and Sh [48] showed
that with increasing aniline concentration, the removal effi-
ciency decreased from 50 to 150 mg L. Similar results were
also reported by Pirsaheb et al. in 2017 [49].

4. Conclusions

In this research, the parameters affecting advanced oxi-
dation (aniline concentration, Fe,O, nano-catalyst concen-
tration, H,O, concentration, time and pH) were investigated
for the removal of aniline from synthetic solution and the
results showed that increasing the aniline concentration and
pH had negative effect on the removal efficiency and increas-
ing time, hydrogen peroxide and the concentration of iron
nanoparticles had a direct effect on the removal efficiency.

The method used in this achieved similar aniline removal
efficiency in shorter time than other methods of reducing
aniline pollutant from aqueous solutions. On the other hand,
Fe,O, nano-catalysts are easily separated from the solution
by a magnet after aniline degradation by hydroxyl radicals
and the use of this method is considered as a clean method
due to no secondary contamination and no sludge produc-
tion. Therefore, it is recommended that this process can be
applied to remove aniline at larger scales.
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