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Abstract

Methylene blue (MB) dye is an environmental contaminant that has been mostly used in textile
industry. Taguchi orthogonal array design was employed as an optimization method to reduce the
number of experiments. In this research, bone char ash modified by MgO-Fe catalyst was applied

for degradation of MB in catalytic ozonation process (COP) system and operational parameters
including initial MB dosages, initial pH, catalyst dose, and contact time were optimized with Taguchi
method. Accordingly, the best condition for the removal of MB obtained at initial MB concentration
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its removal increased to 65%.
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1. Introduction

In recent decades, dyes have been extensively applied
in textile industries. These industries generate high
amounts of colored effluents that are discharged into the
environment without any treatment (1,2). These dyes
have adverse effects on the environment due to their
carcinogenicity, mutagenicity, toxicity, allergenicity, and
aesthetic effects (3,4). Methylene blue (MB) dye is most
widely consumed for dying because of its favorable
characteristics such as transparency, ease of use, and low
energy consumption. MB has adverse impacts on human
and animal health; for example, contact with MB can
disturb eye function. Additionally, it has acute respiratory
and gastrointestinal effects, such as decreased lung
respiratory capacity, vomiting, and methemoglobinemia.
According to previous studies, the recommended limit
for MB in the surface water is 0.2 mg/L (5,6).

Therefore, it must be removed before being released
into the environment to protect the environment and
human health (7). Conventional methods are used for
textile effluent treatment such as biological, chemical,
adsorption, and electrochemical processes (8). It has
been reported that the biological procedure cannot be

of 20 mg/L, reaction time of 15 minutes, initial pH value of 10, and catalyst concentration of 0.1 g/L.
Additionally, optimization of experimental set-up showed that the MB concentration had a notable
effect on MB degradation in COP process (55.6%), and reaction time had a negligible effect (1.98%).
At this condition, total organic carbon (TOC) removal was determined to be 31% but in longer time,
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applied as the main method for the treatment of textile
effluents. Adsorption is one of the most effective methods
for removing dye, which has some disadvantages such
as high cost and remaining of the adsorbent material in
the treated solution (9). Advanced oxidation processes
(AOPs) are evaluated as appropriate procedures for
degradation of refractory materials. Ozonation is one of
the AOPs which is commonly used for treating industrial
effluents. In recent years, ozonation has been widely used
for dye removal because of its high oxidizing properties.
However, many studies have reported that the application
of single ozone has low efficiency for the degradation
of refractory and non-degradable compounds (10-12).
As mentioned above, single ozonation cannot oxidize
contaminants completely and may produce toxic and
dangerous intermediate compounds. Therefore, catalytic
ozonation process (COP) has been developed for
enhancing the yield of ozonation (13-15). Nowadays,
several materials such as metal, metal oxide, metal
ions, metal oxides, modified minerals, and adsorbent
substances have been studied as a catalyst. The addition of
the catalyst can lead to an increase in 0zone decomposition
and generate more MB radicals. The increase in MB
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radicals will be beneficial for the degradation of refractory
compounds (16). According to the kind of catalyst, COP
can be divided into two main types: heterogeneous and
homogeneous. Heterogeneous processes, due to easier
separation of the catalyst at the end of the experiment,
have higher efficiency for pollutant degradation (13,17).
Finding a low-cost catalyst is a challenge in contaminant
removal. Due to the human need for food, especially
meat, billions of animals are slaughtered annually for food
in the world, which can lead to the production of bone
waste. Therefore, bone char can be produced from bone
waste and used as a suitable catalyst in COP due to low
cost, accessibility, and high physical strength (18). Several
studies have reported the modification of bone char (19,
20). Nanoparticles such as magnesium oxide (MgO) can
increase the efficiency of bone char in the removal of
MB dye. MgO is a variety of metal oxides that have been
broadly applied for elimination of many contaminants. Itis
categorized as a favorable component because of low cost,
non-toxicity, steadiness, and high activity. Furthermore,
reactivity and surface properties of MgO can be improved
by doping with metal and nonmetal elements (16,21).
By increasing the number of parameters and their levels,
the use of statistical method is necessary to optimize the
process conditions. Taguchi orthogonal array design L16
is a statistical method that can be employed for process
optimization. This method can significantly reduce the
experimental cost and time required (22,23).

In this experiment, a catalyst with high activity
for degradation of MB is presented. Accordingly, the
simultaneous doping of Fe and MgO on bone char is
reported as the most important innovation in the present
study. To the best of our knowledge, this is the first
study on the modification of bone char using MgO and
Fe nanoparticles and its application for dye wastewater
treatment by COP process and Taguchi method.

2. Material and Methods
2.1. Chemicals and Catalyst Preparation

MB was obtained from Alvan dye Company, and
magnesium chloride, iron nitrate, acid sulfuric, and
hydroxide potassium were provided by Merck Chemicals.
bone char ash was made in laboratory condition at 800°C
with electric furnaces for 2 hours. Then, bone char ash
was powdered by an electric mill and graded using ASTM
(mesh size 8-16). Bone char ash was modified by MgCl,
Afterwards, 4 g of bone char powder was mixed with
MgCl, (1IM) and hydroxide potassium (1N) at 120 rpm.
The prepared solution was dried at 70°C in an oven for
22 hours and then the sample was cooled in a desiccator
and calcinated in electric furnaces at 450°C for 3 hours. In
order to synthesize bone char/MgO/Fe 1 g of iron nitrate
(0.1 M) was added to the above-mentioned solution
and all procedures were repeated for preparation of the
catalyst (24).

2.2. Experimental Set-up

All tests were carried out under lab conditions and in a
glass reactor. Ozone was produced from the pure oxygen
in the ozone generator (COG-40A, ARDA, France) with
a volume of 5 g/h (Fig. 1). The capacity of ozone gas in
the input and output of the set up was calculated by the
KI and thiosulfate methods, and ozone consumption in
the impinger was measured by the ozone gas difference in
input and output based on mg/L (7).

2.3. Analytical Methods

The MB concentration was reported using UV-visible
spectrophotometer (DR5000) at 663 nm wavelength. The
pH,,. of as-prepared catalyst was measured by sodium
NaCl (0.01 M) as an electrolyte. In addition, HCL (0.1N)
and sodium hydroxide (0.1N) were used to adjust the
solution pH. MB mineralization was determined based
on COD removal (25).

2.4. Determination and Optimization
Degradation Experiment

Minitab Statistical Software (version 16) was applied to
design the experimental set-up. In this study, the effect of
main factors such as MB concentration, catalyst dosage,
pH, and contact time on MB degradation were optimized
by Taguchi method. Each parameter was determined at 4
levels (Table 1). All tests were performed in duplicate and
the mean values have been used for calculations.

The signal-to-noise (S/N) ratio was suggested to
determine the output. Among 3 resulted ranges of S/N
ratio, the highest one was considered as the optimum rate
(equation 1) (22).

of MB

The signal - to noise = - 10 log 10[£E (;] 2] (1)

n MRE;

Maximum removal efficiency (MRE) (%) for MB
degradation was calculated as follows (equation 2) (23).

MRE (%) = ©=C= x 100 (2)
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Fig. 1. Schematic Image of Ozonation Set-up
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Table 1. Controllable Factors and Their Rate

Designation Explanation Rate 1 Rate2 Rate3 Rate4
D, Reaction time (min) 5 10 15 20
D, Concé:ittri;t[ix[img/u 20 50 100200
N Solution pH 2 4 8 10
A Catalyst dose (g/L) 0.1 0.3 0.5 0.7

where C and C_ are initial and final concentrations of
MB, respectively.

In order to obtain the optimum condition for the MB
degradation, the relationship between each factor and
rate of contribution (%) in COP, the analysis of mean
(ANOM) and variance (ANOVA) were applied.

Primarily, the mean of the S/N ratio (M) of each
parameter at a certain range was calculated (equation 3)
(23).

_ pqlevel=i T 5
MSJ'IN_Mfactor—i—S/n _n_“' }_1 [(E]] (3)
value was selected as

Afterwards, the highest M,
the optimum condition of each factor as assessed in
Taguchi method. The influence rate of each factor in MB
degradation through COP was obtained via substituting
the factorial sum of squares (SS,) (equation 4), the total
sum of square (SS,) (equation 5) and the variance of error
(V,) (equation 6) in equation (7):

SS, ="" XL, (MREf— MRE,) 4)
SS, =2 (Zi; MRE?) — mn(MRE;)? (5)
_ SSr_tR_us5p
VE_ min—1) (6)
P(%) = S5F-(DOF4 xvp)
(%) = — =7 x 100 (7)

3. Results and Discussion
3.1. Catalyst Characterization

The evolution of surface morphology of as-prepared
catalyst was analyzed by field emission scanning electron
microscopy (Fig. 2). Accordingly, the surface of the
catalyst was porous and heterogeneous. Moreover, the
available surface of the catalyst using BELSORP software
was calculated to be 14 mg/L.

3.2. Optimum Conditions

According to Taguchi method (L16), 4 factors including
initial MB rate, catalyst dosage, pH, and contact time at 4
levels were selected for removal of MB by COP. The yield
of each run was attained according to equations 1 & 2 and
results were shown in Table 2.

The S/N rate of each test from various arrangements of
parameters with the boldface referring to the maximum
value of S/N ratio among the 16 runs was indicated in
Table 2. Taguchi described the S/N ratio in 3 ways: 1) the

lower is better, 2) the highest is better, and 3) typically the
S/N ratio should be high. As seen in Table 3, the optimum
condition for MB degradation is as follow: initial MB
concentration of 20 mg/L, catalyst dose of 0.1 g/L, pH
value of 10, and reaction time of 15 minutes. Table 1
represents the coded values of the parameters.

3.3. Reaction Time

In this stage, four levels of reaction time (5, 10, 15, and
20 minutes) were examined to determine the effect of
reaction time. Fig. 3 shows the effect of reaction time on
MB degradation in COP process.

As expected, the increase in reaction time enhanced
COP degradation efficiency. The best result of dye
removal was shown in 15 minutes with the S/N ratio of
39.20. In the longer reaction time, the amount of hydroxyl
radicals increased based on the decomposition of the
ozone. Therefore, the reaction between the OH and MB
was facilitated and the yield increased. These findings are
consistent with other studies (16).

3.4. Initial MB Concentration
The MB concentration for COP system was studied at
20, 50, 100, 200 mg/L. As indicated in Table 3, the S/N
rate for MB dosages decreased from 39.90 to 37.01 with
enhancing its level from 20 to 200 mg/L, respectively.
The initial concentration of MB is an important

Fig. 2. SEM Pattern of Prepared Catalyst.
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Fig. 3. The Effects of Operational Parameters on S/N Ratio for MB
Removal.
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Table 2. The S/N Ratio of Each Experiment from Different Arrangement of
Factors

Step D, D, D, D, MRE % MRE % S/N
1 5 10 2 0.1 92 94 37.10
2 5 50 4 03 93 81 37.01
3 5 100 8 0.5 78 77 39.90
4 5 200 10 07 81 60  38.01
5 10 10 0 03 91 94 39.08
6 10 50 8 0.1 95 90  37.90
7 10 100 4 0.7 91 86 38.10
8 10 200 2 0.5 63 60  36.10
9 15 10 4 0.5 92 93 39.20
10 15 50 2 0.7 95 94 38.20
11 15100 10 0.1 76 84  37.02
12 15 200 8 03 88 89 37.9
13 20 10 8 0.7 92 93 37.99
14 20 50 10 05 98 99 36.90
15 20 100 2 03 87 93 37.99
16 20 200 4 0.1 81 89  38.99

Table 3. Measurement of M, Ratios

Designation
Rate
D, D, D, D,
1 37.10 39.90 37.99 38.99
2 39.08 37.90 38.10 36.40
3 39.20 38.20 37.01 37.99
4 37.99 37.01 38.20 37.90

parameter in COP system. According to the results shown
in Fig. 3, the higher removal rate was obtained at a lower
initial MB level. It can be stated that at high concentration,
the molecule of dye increased but the production of OH
decreased. Additionally, the formation of intermediates at
high initial MB concentration can consume ozone (26).
Sui et al reported the same finding in the degradation of
ciprofloxacin in COP process (27).

3.5. Solution pH

Fig. 3 depicts the effect of pH (2, 4, 8, and 10) on COP
process. Based on the results, the maximum MB efficiency
was achieved at pH of 10 with S/N ratio of 38.20. As it
is known, pH has an effective role in ozone degradation
in both direct oxidation (O,) and indirect oxidation
(OH radical). Removal of MB was obtained in alkaline
condition (pH=10). In this pH, ozone decomposition
increased and production of OH and HO, accelerated. On
the other hand, decomposition reactions in surface sites
on the bone char-MgO-Fe with ozone caused production
of many active radicals (28).

In this study, the pHzpc of bone char- MgO- Fe was
obtained in a range of 8.95 and pHzpc was lower than
solution pH. Accordingly, the removal percentage of MB

decreased in acidic condition and increased in alkaline
condition. Characteristics of catalyst surface were related
to pHzpc. At pH>pHzpc, the catalyst surface was charged
negatively and the interaction of ozone with strong Lewis
acid on metal oxides surface sites increases removal
efficiency (28,29). Moussavi et al reported higher phenol
removal rates by ozonation under alkaline condition
(pH = 8). They attributed this result to pH__because
at higher alkaline conditions, the number of negative
charges on catalyst surface increased so the removal of
phenol decreased. Moreover, decomposition reactions at
high pH values are elevated by the presence of hydroxide
ions and removal efficiency is much better compared to
low pH (30). A similar result was gained for MB removal
at pH=10 by Sousa et al (31).

3.6. Catalyst Dosage

The influence of catalyst dose on MB degradation was
checked at doses of 0.1, 0.3, 0.5, 0.7 g/L. As observed in
Fig. 3, when catalyst dose was 0.1g/L, the S/N ratio was
38.99. Lower S/N ratio was obtained when the catalyst
dose exceeded 0.1 mg/L. Therefore, catalyst dose of 0.1
g/L was selected as the optimum condition. The effect of
catalyst concentration can be attributed to the expansion
of surface area of the catalyst and the availability of more
active sites for ozone decomposition.

Furthermore, the presence of CaO and P,O, in bone
char structure in the form of (Ca, (PO,),OH) affected the
generation of radical species (32). A further increase in
catalyst dose (up to 0.1 g/L) did not significantly affect
the percentage of dye removal. It is described by the
kind of catalyst, the reaction condition, and the type of
contaminant. Therefore, at lower doses, the surface active
site of the catalyst was inadequate and was filled rapidly
with MB molecules so by increasing the catalyst dosage,
the contact rate between the pollutant and as-prepared
catalyst increased. These results are in agreement with
those of a study by Kruanak et al (15).

3.7. Percentage of Contribution

The contribution of each factor is the key to controlling
the dye removal by COP system. Accordingly, the initial
MB concentration is the most significant parameter with
an approximate contribution of 55.6% in MB removal.
The catalyst dosage was the second important factor
with 16.32% contribution, followed by pH with 5.95%
contribution. The least influential factor was the reaction
time with 1.98% contribution. Therefore, the COP yield
in MB degradation depends on the MB concentration and
catalyst dosage.

3.8. Mineralization and MB Degradation

Degradation and mineralization of MB were
determined in the optimum condition (pH =10, catalyst
dose=0.1 g/L, reaction time=15 min, and initial MB
concentration=20 mg/L). The reduction in COD value
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in COP process results in the mineralization progress of
dye molecules and color removal. As indicated in Fig. 4,
maximum removal (96%) of the MB was obtained at 15
minutes while COD removal efficiency was 31% in the
same time. Moreover, the mineralization rate increased
from 31% in 15 minutes to 65% in 30 minutes.

It can be deduced that the resistant material to
degradation is produced during the reaction in COP
process. Furthermore, these molecules have a lower
reactivity toward hydroxyl radicals and could decrease
COD removal efficiency rate (32), which is reported by
Subramani et al for indigo carmine dye removal (33).

4. Conclusion

Bone char ash was modified with MgO-Fe in COP
process for the removal of MB. Optimum conditions
for degradation of MB dye were found at catalyst dosage
of 0.1 g/L, reaction time of 15 minutes, initial phenol
concentration of 20 mg/L, and pH of 10. Moreover, the
application of Taguchi method for the optimization
of experimental set-up revealed that the initial MB
concentration had the highest effect on degradation
efficiency in COP process (55.6%), and reaction time
had the lowest contribution (1.98%). According to
SEM analysis, surface of the catalyst was porous and
heterogeneous. Moreover, the available surface of the
catalyst was calculated to be 14 mg/L. The as-prepared
catalyst showed strong activity for MB removal
Additionally, these results suggested that optimization
of COP process by Taguchi method could be effective in
terms of cost and yield. Hence, bone char-MgO-Fe can be
used as a sustainable and effective catalyst for the removal
of organic and inorganic contaminants.

100 \
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Fig. 4. MB and COD Removal in Optimum Condition (Initial MB
Concentration: 20 mg/L, as-prepared catalyst rate: 0.1 g/L, and pH:
10)
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