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Highlights

e We study the degradation of methyl orange by using hydrodynamic cavitation (HC) in the
presence of ion metals

e We measure the effect of various operating parameters (pH, temperature, inlet pressure) on
the decolourization efficiency.

e We carry out a full factorial plan to determine the main effects and mutual interactions
among the factors: inlet pressure, temperature, initial dye concentration and treatment time.

e We find that the optimum operating conditions among those investigated are: 5 ppm of,
pH=2, 0.6 MPa and 1 hour, independently of temperature.

e We investigated that the hydrodynamic cavitation in the presence of ion metals increased of
5 times the efficiency of the HC compared to the test performed in the absence of metals

Abstract

The aim of this research was to investigate the methyl orange degradation using hydrodynamic
cavitation. The synthetic solutions simulated a real textile effluent containing dye and metals (iron
and nickel) as a consequence of the corrosion of nickel-plated metal components of the plant during
the production of textile materials. In the first series of experiments, the hydrodynamic cavitation

was studied in terms of operating inlet pressure and pH of solution. Subsequently, a full factorial
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plan was performed to determine the main effects and interactions among the investigated factors:
inlet pressure (pin), temperature (T), initial dye concentration (cmo/o), and treatment time (t). The
results showed that inlet pressure, temperature and concentration had a significant positive effect on
dye degradation, as well as the interactions temperature/dye concentration and pressure/time. The
optimum operating conditions among those investigated were: cmo/o=5 ppm, pH=2, pin=0.6 MPa
and t=1 hour, independently of temperature (T). In the above conditions, the degradation yields
were near to 75% and the final concentration was less than 1 ppm. On the contrary, at cmo/o=20
ppm, pH=2, pin=0.6 MPa, 40°C and t=1 hour, the degradation efficiency was about 56% and the
final concentration was less than 9 ppm.

A comparison among the experiments carried out in the absence and in the presence of iron and
nickel showed that metals acted as catalysts and the energy required for the process with metal ions
was 5 times smaller than those required by the experiments conducted without the metals in

solution, at the same operating conditions.

Keywords: Methyl orange dye; Degradation of dye; Hydrodynamic cavitation; Advanced oxidation

Processes; Venturi tube; metal ions

1. Introduction

Textile industry produces wastewaters containing several types of dyes. In the dyeing process,
around 15% of the colorants is lost and discharged as industrial residual solutions [1, 2]. The
treatment of such liquid wastes is a matter of great concern, due to their colour and toxicity. It is
estimated that the annual world production of synthetic dyes in 2009 exceeded 900,000 tonnes and
it is expected to grow a million tonnes every year [3-5]. The azo dyes are the most commonly used
dyestuff and represent around 50-70% of the total production [6-8].

This type of dyes is characterized by the presence of a double nitrogen bonds (-N-N-) and it is

widely used in the textile, paper and cosmetic industries [2, 9]. The release into the environment of



azo-contaminated wastewaters poses severe problems of toxicity because of their bio recalcitrance
for conventional aerobic wastewater treatment and the toxic aromatic intermediates. Therefore, the
developments of effective methods for the removal of such polluting dyes is of major importance.
From a literature survey, a lot of papers deals with the traditional decolourization techniques, and
the work by Banat and co-workers [10] offers a good review. Physical and chemical processes,
often combined with biological treatments dominate the scenery, mainly flocculation, flotation,
membrane filtration, ion-exchange, coagulation precipitation, ozonisation and activated carbon
adsorption [11]. Some of them showed almost satisfactory performances for the removal of dyes
from textile wastewaters, while the process for the removal of sulfonated azo dyes had some lacks
in the effective colour reduction. Anyway, the efficiency of the treatments depended on the initial
characteristics of the wastewaters; moreover, one of the main drawbacks is the production of
chemical sludge that needs to be proper disposed and the high consumption of chemicals which
negatively affects the treatment costs. Fung et al. [11] in their paper outlined how to choose the
technique based on the characteristics of dyeing wastewater. For an example, ozone treatment could
be used to improve the biodegradability only if major pollutants contain conjugated double bonds or
aromatic groups [12]; coagulation could be used to remove colloids and suspended solids; other
types of bio-treatments could be applied to degrade the wastewater according to the
biodegradability of the suspensions [13]; ultrafiltration process are indicated to remove solids (1-20
nm) and dissolved organics and macromolecules with molecular weight between 300 and 300,000
g/mol [14-17].

More recently, the research activities have been focused on the degradation of dyes with using
advanced oxidation processes (AOPs) as Fenton’s treatment, photocatalytic oxidation and sonolysis.
The results of the specialized literature showed that these types of processes are more suitable than
the traditional ones for degradation of dyes, mainly because of their strong oxidative capacity, and

the capability of reacting with many substances [18-21].



Among AOPs, some papers have shown the efficiency of the use of zero-valent ions (ZVI) as
copper and iron to reduce the azo dyes [22-24]. More details about the process and its efficiency are
in the review by Fu et al. [25].

A recent development for the treatment of dye polluted wastewaters, in particular of textile residual
solutions, is represented by hydrodynamic cavitation (HC). In this process, the liquid flows at high
pressure through one or more holes. Venturi tubes or orifice plates can be used for HC. The passage
through the holes causes a substantial pressure reduction that generates bubble cavities. In some
cavities (local hot -spots) drastic conditions could be reached (up to 5000 K of temperature and up
to 100 MPa of pressure). These conditions induce the collapse of the bubbles and the production of
free radical due to the decomposition of water vapor and non-condensable gases inside the bubbles
[26-32]. This technique has been successfully tested for degradation of priority pollutants such as
ibuprofen and paranitrophenol [33-36] and for production of biodiesel [37]. A literature analysis has
shown that HC has been seldom used as a stand-alone process in azo-dye degradation but always in

combination with a catalyst (see Table 1).

Table 1: Scientific literature relative to the azo-dye degradation using hydrodynamic cavitation

The dye solutions used for the experiments are generally synthetic, prepared by diluting dye in the
aqueous phase, neglecting the other substances that could be present in the textile effluents. A
review on textile wastewater characterization showed that this type of solutions can contain organic
substances as oil, grease, surfactants and metals. The composition of the residual solutions depends
on cycle production and metals enter the wastewater in many ways: the incoming water supply,
metal parts (like pumps, pipes, valves, etc.) oxidising and reducing substances, electrolyte, acid and
alkali, dyes and pigments, maintenance chemicals and other. The main source of heavy metals is

the dyeing process even if many of the newly developed dyes are metal-free. [44]



The present work is a part of an ongoing scientific activity aimed to define possible enhanced of the
hydrodynamic cavitation for the treatment of real industrial effluents.

The objective of the present work and its novelty with respect to the scientific literature is to
investigate the degradation of dye solutions by using hydrodynamic cavitation in the presence of
metal ions as iron and nickel. Methyl orange was chosen as model dye and the solutions simulated
an effluent that contained metals as a consequence of corrosion of metal components of the plant for
the production of textile materials.

In order to investigate the simultaneous effects of various parameters on the dye degradation yields
(%) and interaction between variables, two series of experiments have been performed. In the first
series it was studied the effect of the inlet pressure and pH solution. The second set of experiments
was carried out applying a design of the experiment (DOE) combined with response surface
methodology analysis. A full factorial with four factors and two levels has been performed. The
investigated factors were: inlet pressure, temperature, dye concentration and time. The results
showed which factors and interactions were significant for the process; these data were used to
describe an empirical model by statistical approach. The model provided a good correlation
between the experimental and predicted yields of degradation. Finally, a comparison between the

results in terms of degradation yields with and without metals in the solutions has been described.

2. Materials and Methods

2.1 Materials

Methyl orange dye was provided by Carlo Erba (0.1% in water). The synthetic solutions of methyl
orange were prepared using distilled water. The experiments were conducted working with two
concentrations of methyl orange cmo=5 and 20 ppm, as provided by experimental plan. Sodium
hydroxide (Fluka Chemika, >97%) and sulphuric acid (Carlo Erba, 96%) were used for adjusting
the solution pH (2 — 6). Iron and nickel were added as sulfates with commercial grade. These

compounds in the solution simulated a textile effluent that contains metals as a consequence of



corrosion of metal parts of nickel steel (i.e. pumps, valves, fittings). The concentrations of Fe and
Ni were kept constant for all experiments and equal to 20 and 10 mg/L, respectively.

2.2 Experimental apparatus

The lab scale experimental apparatus is constituted by a Venturi reactor with a recycling line, as

shown in Figure 1.

Figure 1: Layout of the experimental apparatus used for the hydrodynamic cavitation tests

The system includes a feed tank with a volume of 1000 mL (T1), a centrifugal pump (P1) and two
valves (V1 and VV2). The feed flowrate crosses the principal pipe and passes through the Venturi
tube (VTL1) therefore reaches up to the tank T1. In order to control the liquid flowrate in this main
line an additional pipe (by—pass line) with a valve (V2) is provided. The diameter of the main and
by-pass line is equal to 12 mm. The centrifugal pump (Fluid -0 — Tech, TMFR2) has a maximum
electric power of 375 W and a speed pump of 1100-3500 rpm.

The flow was measured by an automatic flow meter (Comac Cal, Flow 38) while the pressure was
checked by two electric manometers M1 and M2, (Barksdale Control Products, UPA2 KF16809D).
The pressure signals were sent to a computer and recorded by process software Labview.

The geometrical characteristics of the Venturi are shown in Figure 1A (supplementary material); the
divergence angle value is 5.74°. These dimensions of the Venturi assured the cavitation process as
suggested by the scientific literature [45]. The Venturi is made of plexiglass. All other system

components are in Rilsan and stainless steel.

2.3 Experimental methodology

2.3.1 Preliminary tests: hydraulic study of the system



The preliminary tests with distilled water were carried out for analysing the hydraulic
characteristics of the system. The pump speed was set to 1100 rpm and the inlet pressure to the
Venturi has been varied up to 0.66 MPa, checking the water flowrate through the line. The test was
repeated for pump speed of 1500 and 2000 rpm. According to the technical manual, the flow meter
guaranteed accuracy of measurements of 0.5%.

2.3.2 Hydrodynamic cavitation of Methyl orange

The degradation of methyl orange (MO) using hydrodynamic cavitation was performed at different
inlet pressures (pin=0.2-0.66 MPa) to the cavitation device and a solution pH varying in the range 2-
6 to establish the optimal conditions for the degradation of dye. The pH was adjusted using
sulphuric acid and sodium hydroxide. The concentration of methyl orange was cmo/o=5 ppm for all
experiments of the first series. The solutions were circulated in the plant for 60 minutes as required
by the experiments. The temperature was maintained constant (T=20°C) by cold water that crosses
in the jacketed system of T1. The samples were collected at regular intervals of 10 min and the
analysed to quantify the extent of MO degradation.

After these experiments, a full factorial design was developed to investigate the effect of four
factors: pressure, temperature, dye concentration and time. Process conditions are listed in Tables 2
and 3. The goal of these experiments was to check which was the effect of the factors not studied in
the previous tests and if which were the interactions among the several operating conditions.
Pressure was studied in the range 0.2-0.6 MPa, to avoid critical conditions recorded at a pressure
greater than 0.6 MPa. The solution pH was maintained constant at 2. This value was the optimized

value found in previous experiments.

Table 2: Factors studied in the experiments according to the full factorial plan

Table 3: Full factorial design

All the experiments were performed with 600 mL of solution.



2.4 Analytical procedure

The collected samples were analysed using UV-Spectrophotometer (Cary 1E, UV Visible
spectrophotometer Varian) in order to observe a change in the absorbance of methyl orange with
time at a specific wavelength (1), that depended on pH value. The concentration of dye was then
calculated by the calibration curves.

The decolourization efficiency was determined according to equation (1), [46]:

, . Mo/,
Decolourization rate (n) = —=

1)

Mo/,
Where cmoftand cmolo were the concentration of methyl orange at a generic time (t) and at the initial
time, i.e. the initial concentration of methyl orange, respectively.
Total organic carbon (TOC) content of MO was measured by using a TOC analyser (Kit Lange
LCK 381).
3. Results and discussion
The efficiency of hydrodynamic cavitation depends on Venturi geometrical parameters (cavitation
number and geometry of the device) and operating conditions (such as inlet pressure and properties
of the liquid) [27]. Hence, several experiments were performed at different operating conditions in
order to evaluate the efficiency of the process in degradation of methyl orange. Experimental tests
have been so conceived: hydraulic tests to define the hydraulic features of the system;
hydrodynamic cavitation tests of methyl orange in which several operating conditions were
investigated.
3.1 Hydraulic study of the experimental apparatus
Figure 2 shows the results of the hydraulic study, in particular the values of flowrate as a function
of the inlet pressure, for the experiments performed with using a pump speed of 1100 rpm. Similar
trends (not reported in this work) were obtained also for the experiments conducted with 1500, 1750
and 2000 rpm. By varying inlet pressure in the range 0.3-0.66 MPa, it was possible to span the

flowrate in the interval 4 — 6 L/min.



Figure 2: Hydraulic features of the system (See Fig 1): flow rate and cavitation number Cy as a

function of the inlet pressure. Pump speed equal to 1100 rpm

Figure 3 also reports the cavitation number (Cy) as a function of the inlet pressure, as defined in the
following equation (2), [47]:

_ PZ_Pv
Gy = 0,5pv3 (2)

where Cy is a dimensionless number, specific for this type of apparatus. P; is the downstream
pressure, Py is the vapor pressure of the liquid, v, is the fluid velocity at the convergent and p is the
liquid density The analysis of the trends showed that as the inlet pressure increased the flowrate
increased, on the contrary as expected the Cy decreased because of the higher kinetic energy of the
liquid flow. Moreover, it was observed an increase in the turbulence as a consequence of the more
bubbles in the flow [43].

3.2 Hydrodynamic Cavitation of Methyl orange

3.2.1 Effect of the inlet pressure on the methyl orange degradation

Experiments for measuring the potential MO degradation were conducted at different inlet pressures
ranging from 0.2 to 0.66 MPa and a corresponding cavitation number in the range 0.21-0.095. The
pH of the solution was kept constant at 2.0 in all the experiments. Figure 3 shows the results of the
experiments. As can be observed, the degradation of MO increased with increasing the inlet
pressure to the Venturi tube, reaching a maximum at 0.6 MPa and then decreased. The yields had a
similar trend at 0.3 and 0.4 MPa, more differences were recorded at 0.5 and 0.6 MPa. After 1 hour
the minimum and maximum degradation yields were 40% and 74% at 0.2 MPa and 0.6 MPa,

respectively.



Figure 3: Degradation of methyl orange with time for different levels of inlet pressure

(pin=0.2, 0.3, 0.4, 0.5, 0.6 and 0.66 MPa); pH = 2 and cmo/o = 5 ppm

The experimental data were used to describe the dye degradation using a first-order reaction

(equations 3-5), [48]

— 2 = k[MO] (3)
[MO] = [MO], exp[—kt] (4)
In[MO] = —kt +In[MO], (5)

where: [MO], and [MQ] are the initial concentration and the concentration of methyl orange
(mol/L) at zero and “t” time, respectively; K is the degradation rate constant (mint) and t is the time
(min). A linear fit of the experimental data in a logarithmic plot gives from the slope the k values, as
reported in Table 4. Figure 4 shows as an example the Kinetic analysis obtained for the experiments
conducted at pin=0.2 MPa. It was found that the data were well fitted by the equation (5) with a
regression coefficient greater than 0.99 and the slope of the line, hence the decolourization rate, is

0.0089 min. The same trend was obtained for the other pressures (here not reported).

Figure 4: First order decolourization of MO using HC;

cmolo=5 ppm, pH=2, pin=0.2 MPa

Table 4: Decolourization rate constant, k, and yields at various inlet pressures (standard deviation

for the decolourization efficiency= 2- 7%)

As a consequence of an increase in the inlet pressure (or a decrease in Cy), a higher number of
cavities formed, hence more collapsing events occurred, which generated additional OH radicals for

reacting with the dye. At the same time the solution flowrate and the number of passes in the



Venturi increased. This enhanced the exposure time of methyl orange to the cavitation conditions
which resulted into a higher decolourization yields.

The positive effect recorded between the pressures 0.2-0.6 MPa was then suppressed at a value of
the inlet pressure equal to 0.66 MPa. It could be supposed that under this pressure the conditions of
chocked cavitation occurred. In this situation, the formation of a large number of cavities had a
negative effect on hydrodynamic cavitation process because they coalesced each other to form
vaporous bubbles that not collapsed, hence not reacted with the dye. The same trends were observed
by other authors during the degradation process of reactive orange 4 dye [38] reactive red 120 [41],
dichlorvos [38]. p- nitrophenol [33] and ibuprofen [34-36].

3.2.2 Effect of solution pH

Table 5 reports the conditions adopted during the following experiments in which the effect of
solution pH on degradation of methyl orange was investigated. All the tests were conducted at the
initial pressure of 0.6 MPa (optimal pressure, see Section 3.2.1). Every 10 minutes, the samples
were collected and then analysed to measure the degradation of dye. Figure 5 shows the results of

these experiments.

Table 5: Experiments performed during the second series of test to investigate the effect of pH

solution on decolourization of methyl orange

Figure 5: Degradation of methyl orange as a function of time at different pH solution (cmolo =5

ppm; pin = 0.6 MPa)

It was observed that the degradation yields of methyl orange increased with a reduction of solution
pH and a maximum decolourization of the methyl orange of 73% was reached at pH = 2 after 60
minutes. At pH 4 the decolorization yields significantly decreased and after 1 hour the efficiency of

the process was less than 20%.



The yields calculated for pH values greater than 4 were not reported since they were near to zero. It
was clear that the acidic medium was favourable for degradation of methyl orange using
hydrodynamic cavitation. The same phenomenon was presented by several authors and it can be
explained as follows [38, 49-50]:

e in the acidic medium the recombination of generated OH radicals is less favoured, hence
more radicals are available for the degradation of methyl orange;

e in the acidic medium the dye substance form changes from ions to molecular, it is less
hydrophilic and more soluble in the aqueous liquid bulk. As a consequence, the OH radicals
fail to react with the molecules of dye that is not degraded.

3.2.3 Full factorial experiments
The effect of pressure, methyl orange concentration, temperature and time and their interactions on
the degradation yield (%) were investigated using a full factorial plan (see Table 2 and 3). Figure 6

reports the MO decolorization yields obtained during the experiments.

Figure 6: Degradation of methyl orange obtained during the hydrodynamic cavitation experiments

at different operating conditions (treatments, see Tables 2 and 3)

The maximum decolourization yields (near 80%) were obtained in treatments “ad” and “abd”, when
the pressure was at high level (0.6 MPa), the concentration was at low level (5 ppm) and at 1 hours.
The minimum efficiency of the process was obtained in the treatment “c”, performed in the
following conditions: pin=0.2 MPa, T=10°C, t=20 min and cmo/o= 20 ppm. Analysis of variance
(ANOVA) was carried out using degradation yield data. Yates’ algorithm was used to evaluate
whether effects and interactions among factors were significant with respect to the experimental
error. This value was calculated using the variance of the fourth and third order which were found
to be not significant. The variance of the experimental error calculated was 8.682 with 5 degrees of

freedom. The significance of the main factors and their interactions was assessed by F-test method



with a confidence level of 95% [51]. Figure 7 shows the effects and interactions of the factors on
MO degradation yield. Significant level of 95% (straight line) is also indicated: every effect higher
than those lines is significant, according to F-test utilised. The corresponding lines on the negative

effect plane are also shown.

Figure 7: Effects and interactions of the factors studied (A = pin; B=T; C =cmoloand D =t) on

the decolorization yield of methyl orange; straight line = significant level of 95%

ANOVA shows that pressure, temperature and concentration had a significant positive effect on
MO degradation, as well as interaction BC (temperature and MO concentration) and AD (pressure
and time). It means that increasing the value of one factor, A, B the degradation of dye increased.
Factor C and CD had a significant negative effect. Other interactions did not show significant
effects.

The interactions were studied using the two — way table. Figure 8 (a) shows the interaction BC

(temperature — dye concentration).

Figure 8: Two-way table. a) BC interaction; b) AD interaction and c) CD interaction.

(A=pin; B=T; C=cmoloand D =1t)

When the factor C (dye concentration) was at low level equal to 5 ppm, the effect of temperature
was negligible and the average degradation yields ranged from 40 to 45%. While when the
concentration of dye was 20 ppm (high level of factor C), the effect of factor B (temperature) was
evident: the average yields increased of about 10% at high temperature respect to low temperature.
It is clear that in the investigated conditions, temperature had a positive effect on the degradation

yields. The effect of temperature was explained in the paper by Vichare Gogate et al. [52]: a higher



temperature in a certain degree leads to an increase in the cavitation intensity that contributes to the

degradation of the dye. The same phenomenon was described by Yang et al. [43].

Figure 8 (b) shows the interaction AD. It can be seen observed the positive effect of time and

pressure. The maximum degradation yields were obtained working at 0.6 MPa and 1 hour. When

the pressure was at 0.2 MPa the degradation yields increased from around 16% until 40% by

increasing the time from 20 to 60 minutes, respectively. When the factor A was at high level (0.6

MPa), the degradation yields increased from around 26% until 62% by increasing the time from 20

to 60 minutes, respectively. Time had a positive effect on methyl orange degradation that increased

by increasing the pressure.

Figure 8 (c) shows the interaction CD (dye concentration — time). Also, in this case it was clear the

positive effect of time and the negative effect of dye concentration on the decolorization efficiency.

The maximum degradation yields were obtained working with 5 ppm of MO and 1 hour. When the

concentration of MO was 20 ppm (high level of factor C) the average degradation yields increased

from around 16% until 40% by increasing the time from 20 to 60 minutes, respectively.

When the factor A was at high level (0.6 MPa), the degradation yields increased from around 26%

until 62% by increasing the time from 20 to 60 minutes, respectively. Time had a positive effect on

methyl orange degradation that increased by increasing the pressure.

The optimum operating conditions among those investigated for methyl orange degradation were:

e Cwmolo=5 ppm, pH=2, pin=0.6 MPa, t=1 hour independently of temperature. That’s an
advantage because the decolorization process can be performed at room temperature. In
these conditions the degradation yields were near to 75% and the final concentration was
less than 1 ppm.
e Cwmo/o=20 ppm, pH=2, pin=0.6 MPa, t=1 hour, T=40°C. In these conditions the degradation

efficiencies were near to 56% and the final concentration was less than 9 ppm.

Data obtained from the factorial plan were used to develop a statistical model useful for the

estimation of the degradation efficiency when the operating conditions change in the range just



studied. The response of the system was found as a function of the significant factors and
interactions. The not significant terms were not considered by stepwise method. The independent
variables were X1 = pressure, Xz = temperature, C = MO concentration, D = time. It was found the
following relation [51]:

Y = Ao+ A X1+ A2 Xo+ Az Xz + Ag Xa+ Azz Xo X3+ Arg X1 Xa+Aszs X3 X4 (6)
where

Y = degradation of methyl orange %, Ao=36.19, A1=7.87, Ao=2.22, A3 =-7.76, A4 = 14.82, Az =

2.87, A14=3.22, A3y =-2.98.

Figure 9 shows the scatter diagram relative to statistical model. In the graph the decolorization
yields were reported plotting predicted against empirical data. The values were rather correlated as

confirmed by high value of R? (equal to 0.99).

Figure 9: Scatter diagram for the decolorization of methyl orange

The model was used to graph the response of the system as a function of the effects. For example,
Figure 10 shows the methyl orange degradation as a function of the dye concentration and pressure.

Temperature and time were kept constant and equal to 20°C and 60 min, respectively.

Figure 10: MO degradation as a function of dye concentration and pressure (20°C and 60 min)

The decolourization yields were comprised between 20-80%. The maximum extractions (70-80%)
were obtained performing the hydrodynamic cavitation at pressure higher than 0.5 MPa with a
concentration of MO near to 5 ppm. At the same pressure, increasing the concentration of dye the
degradation decreased until to reach almost 50%. The minimum decolorizations (20-30%) were

obtained working with high concentration of methyl orange (20 ppm) and 0.2 MPa.



Figure 11 shows the methyl orange degradation as a function of temperature and pressure. Other

conditions were constant and equal to 5 ppm and 60 min, respectively.

Figure 11: MO degradation as a function of temperature and pressure (5 ppm and 60 min)

The decolourization yields were comprised between 50-80%. Also, in this case it was clear the
positive effect of the pressure, while the temperature had not a significant effect. The maximum
decolorization efficiencies were obtained (70-80%) were obtained performing the hydrodynamic
cavitation at pressure higher than 0.5 MPa, regardless of temperature. The minimum decolorizations
(50-60%) were obtained working with pressure lower than 0.45 MPa, for temperature between 10-
40°C.

The statistical model provided to estimate the efficiency of the hydrodynamic cavitation under
specific conditions. So, for example, it is possible to consider the following conditions: 5 ppm,
20°C, 5 bar and 1 hours; in these conditions the empirical decolorization yield was 67.8%. At the
same conditions, the experimental results (see Fig. 4) the efficiency was 65.3%. The values were
very closely with one another: this confirm that the mathematic model, described using the
experimental results of the full factorial plan, efficiently estimated the decolorization efficiency
when the operating conditions change in the range just studied.

3.3 UV-vis spectra change during treatment

The UV-vis spectra analysis was performed to evaluate the methyl orange degradation. As an
example, Figure 2A (supplementary material) shows the spectrum changes of the dye solution
before (pink vial) and after (transparent vial) cavitation for the test concluded at the following
conditions: pH = 2, cmo/o=5 ppm, pin=0.6 MPa bar and t= 1 h. Before the cavitation the absorption
spectrum of the dye was characterized by a peak in the visible region with a maximum of
absorbance at 507 nm; moreover, another band was present in the ultraviolet region at a wavelength

less than 300 nm. The highest peak was associated to the aromatic rings connected through the azo
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http://context.reverso.net/traduzione/inglese-italiano/very+closely+with+one+another

bond, while the other small peak was due to the presence into the molecule of a benzene- like
structure. It was observed that after cavitation the peak at 507 nm decreased to zero after 60
minutes. The change of the smallest peak was mainly due to the degradation the dye and its
intermediates [42].

The decomposition pathway of methyl orange was already studied by other authors [53, 54].

The final products are some intermediates, carbon dioxide and water.

The intermediates are expected to be aromatic compounds [42], which also accounts for the TOC of
the solution. The measurement of dye concentration by spectrophotometer does not guarantee the
complete mineralization of the dye, hence the TOC measure in our experimentation was performed
for the test that gave the maximum MO decolourization (pin=0.6 MPa, pH =2, tmo/0=5 ppm, t=1
hours). The measure showed a negligible reduction. Comparing the results in term of
decolourization yield (%) and TOC reduction (%), after 60 min it was observed that the
decolourization of dye was a relatively fast process as compared to the mineralization process. The
same trend was reported in literature [39, 55]. Further oxidation of the aromatic intermediates could
produce carboxylic acid, as formic and acetic acid.

3.4 Comparison with the results obtained in the absence of metal ions

A final experiment was conducted using solutions in the absence of metal ions in solution, at the

same conditions. Table 6 shows the results and compared the results obtained in the previous series.

The energy efficiency of experimental apparatus was also evaluated on the basis of the
concentration and type of pollutant. The experimental data were also used to define the cavitation

yield (eq. 7) [56].
Cavitation yield [mg L ] ] = (amount of dye degradated)/% @)

where Pe is the power of the pump, t is the operation time, and V is the volume of pollutant

solution.



Table 6: Comparison of the results of the hydrodynamic cavitation performed with and without
metal ions (standard deviation for dye degradation = 2-7%)

The maximum cavitation yield of unit energy input is achieved in the experiments conducted in the
presence of metals. It was also estimated the required energy to achieve 95% of dye degradation.

The time for 95% (tose) decolourization in the cavitation zone can be found as (eq. 8) [56]:

2.996
tosyy = = (8)

Where k is the rate constant.

The electric energy in kWh (E) required for 95% degradation is calculated as [56]:

PE tgsy,
" 60% 1000 ©)

The energy required, therefore the operating costs, for the dye degradation in the experiment
conducted in the presence of metals (iron and nickel) was 5 times smaller than the test conducted
without any metal in solution.

From these data it can be seen that the metal ions in solutions were acting as catalysts for the dye
degradation, increasing the efficiency of the hydrodynamic cavitation process at the same operating

conditions.

Conclusion

Methyl orange dye degradation using hydrodynamic cavitation process was investigated. The
experiments were conducted using synthetic solutions in which the dye and metal ions (iron and
nickel) were added. The objective of the research was to define the effect of the metal ions in the
aqueous phase on dye degradation: the solutions simulated an effluent that contained metals as a
consequence of corrosion of nickel-plated metal components of the plant for the production of
textile materials. Several experimental series were performed: in the first one the effect of some
parameters as inlet pressure and solution pH was studied, keeping constant the initial dye

concentration (cmo=5 ppm) and the temperature (T=20°C). A maximum decolourization (~ 74%) of



methyl orange was obtained at pH=2, pin=0.6 MPa after 60 minutes of HC. In a second series of
experiments, the optimal conditions for dye degradation were determined with the aid of a full
factorial plan in which the effect of the inlet pressure, temperature, dye concentration and time was
investigated. The results showed that pressure, temperature and concentration had a significant
positive effect on MO degradation, as well as the interactions T - cmo and pin - t.
The optimum operating conditions between those investigated were:

e Cwmo=5 ppm, pH=2, pin=0.6 MPa, t=1 hour, independently of temperature. In these conditions

the degradation yields were near to 75% and the final concentration was less than 1 ppm.
e Cmo=20 ppm, pH=2, pin=0.6 MPa, t=1 hour, T=40°C. In these conditions the degradation
efficiencies were near to 56% and the final concentration was less than 9 ppm.

Finally, the efficiency of the hydrodynamic cavitation process for dye degradation in the absence of
the metals in solutions was evaluated, at the same operating conditions. The results showed that
metals were acting as catalysts and the energy required, therefore the operating costs, for the
process in the experiment conducted in the presence of metals (iron and nickel) was 5 times smaller
than the test conducted without the metals in solution.
With respect to the potential for hydrodynamic cavitation process in the treatment of dye solutions
that simulated textile effluents, the final implications of this research were diversified: although
decolorization of methyl orange in specific operating conditions was satisfactory, the TOC
degradation was near to zero. It meant that there was not the complete degradation of dye in water
and carbon dioxide, but reaction intermediates were formed that may be of regulatory concern and
require further treatment that will be objective of the future trials.
Acknowledgements
Authors are very grateful to Mr. Marcello Centofanti for the helpful collaboration in the
experimental work. Moreover, Authors wish to thank Eng. Despina Karatza for her precious help in

the setup of the new lab scale apparatus.



The research activities were founded by European Union Life Programme Under Grant Agreement
N. LIFE 15 ENV/IT 000332, Life Bitmaps Project “Pilot technology for aerobic Biodegradation of

spent TMAH Photoresist solution in Semiconductor industries”.



References

[1] J.T. Spadaro, L. Isabelle, V. Renganathan, Hydroxyl radical-mediated degradation of azo dyes —
evidence for benzene generation, Environ. Sci. Technol. 28 (1994) 1389-1393.

[2] G.K. Parshetti, A.A. Telke, D.C. Kalyani, S.P. Govindwar, Decolourization and detoxification
of sulfonated azo dye methyl orange by Kocuria rosea MTCC 1532, J. Hazard. Mat. 176 (2010)
503-509.

[3] T. Robinson, G. McMullan, R. Marchant, P. Nigam, Remediation of dyes in textile effluent: a
critical review on current treatment technologies with a proposed alternative, Bioresource Technol.
77 (2001) 247-255.

[4] F.M.D. Chequer, J. P. F. Angeli, E.R.A. Ferraz, M. S. Tsuboy, J. C. Marcarini, M.S. Mantovani,
D. P. De Oliveira, The azo dyes Disperse Red 1 and Disperse Orange 1 increase the micronuclei
frequencies in human lymphocytes and in HepG2 cells, Mut. Res-Gen. Tox. En 672 (1-2) (2009),
83-86.

[5] B.N. Malinovic, M.G. Pavlovic, T. Djuricic, Electrocoagulation of textile wastewater containing
a mixture of organic dyes by iron electrode. J. Electrochem. Sci. Eng 7(2) (2017) 103-110.

[6] I.H. Cho, K.-D. Zoh, Photocatalytic degradation of azo dye (Reactive Red 120) in TiO2/UV
system: optimization and modelling using a response surface methodology (RSM) based on the
central composite design, Dyes Pigm. 75 (2007) 533-543.

[7] Y.L. Song, J.T. Li, H. Chen, Degradation of C.I. Acid Red 88 aqueous solution by combination
of Fenton’s reagent and ultrasound irradiation, J. Chem. Technol. Biotechnol. 84 (2009) 578-583.
[8] H. Kusic, N. Koprivanac, L. Srsan, Azo dye degradation using Fenton type processes assisted by
UV irradiation: a kinetic study, J. Photochem. Photobiol. A 181 (2006) 195-202.

[9] J.S. Chang, C. Chou, Y.C. Lin, P.J. Lin, J.Y. Ho, T.L. Hu, Kinetic characteristics of bacterial
azo-dye decolourization by Pseudomonas luteola, Water Research, 35 (2001) 2841-2850.

[10] I.M. Banat, P. Nigam, D. Singh, R. Marchant, Microbial decolourization of textile-dye-

containing effluents: A review, Bioresource Technol. 58 (1996) 217-227.



[11] K.Y. Fung, C.M. Lee, K.M. Ng, C. Wibowom Z. Deng, Process development of treatment
plants for deying wastewater, AlChe J. 58 (2012) 2726-2742.

[12] M. Khadhraoui, H. Trabelsi, M. Ksibi, S. Bougerra, B. Elleuch, Discoloration and
detoxification of a Congo red dye solution by means of ozono treatment for a possible water reuse,
J. Hazard. Mater. 161 (2009) 974-981.

[13] D.E. Ahn, W.S. Chang, T.I. Yoon, Dyestuff wastewater treatment using chemical oxidation,
physical adsorption and fixed bed biofilm process, Process Biochem. 34 (1999) 429-339.

[14] G.J. Celenza, Industrial Waste Treatment Process Engineering Vol. 3 (1999), Pennsylvania:
Technomic Pubblishing.

[15] V. Innocenzi, F. Tortora, M. Prisciandaro, F. Veglio’, G. Mazziotti di Celso, Zinc and
chromium removal from liquid wastes by using micellar enhanced ultrafiltration, Desalin. Water.
Treat. 61 (2017) 250-256.

[16] F. Tortora, V. Innocenzi, M. Prisciandaro, G. Mazziotti di Celso, F. Veglio’, Analysis of
membrane performance in Ni and Co removal from liquid wastes by means of micellar-enhanced
ultrafiltration, Desalin. Water. Treat. 57 (2016) 22860-22867.

[17] F. Tortora, V. Innocenzi, M. Prisciandaro, I. De Michelis, F. Veglio, G. Mazziotti di Celso,
Removal of tetramethyl ammonium hydroxide from synthetic liquid wastes of electronic industry
through micellar enhanced ultrafiltration. J. Disper. Sci. Technol. 39 Issue 2 (2018), 207-213.
[18] N.H. Ince, G. Tezcanli-Guyer, Impacts of pH and molecular structure on ultrasonic degradation
of azo dyes, Ultrasonics 42 (2004) 591-596.

[19] K. Okitsu, K. Iwasaki, Y. Yobiko, H. Bandow, R. Nishimura, Y. Maeda, Sonochemical
degradation of azo dyes in aqueous solution: a new heterogeneous kinetics model taking into
account the local concentration of OH radicals and azo dyes, Ultrason. Sonochem. 12 (2005) 255-
262.

[20] J.M. Chacon, M.T. Leal, M. Sanchez, E.R. Bandala, Solar photocatalytic degradation of azo-

dyes by photo-Fenton process, Dyes Pigments 69 (2006) 144-150.



[21] A. Aleboyeh, M.B. Kasiri, M.E. Olya, H. Aleboyeh, Prediction of azo dye decolourization by
UV/H202 using artificial neural networks, Dyes Pigments 77 (2008) 288-294.

[22] J.S. Cao, L.P. Wei, Q.G. Huang, L.S. Wang, S.K. Han, Reducing degradation of azo dye by
zero-valent iron in aqueous solution, Chemosphere 38 (1999) 565-571

[23] S. Nam, P.G. Tratnyek, Reduction of azo dyes with zero-valent iron, Water Res. 34 (2000)
1837-1845.

[24] J. Fan, Y.H. Guo, J.J. Wang, M.H. Fan, Rapid decolourization of azo dye methyl orange in
aqueous solution by nanoscale zerovalent iron particles, J. Hazard. Mat. 166 (2009) 904-910.
[25] F. Fu, D.D. Dionysiou, H. Liu, The use of zero-valent iron for groundwater remediation and
wastewater treatment: A review, J. Hazard. Mat. 267 (2014) 194-205.

[26] P. Li, M. Takahashi, K. Chiba, Enhanced free-radical generation by shrinking microbubbles
using a copper catalyst, Chemosphere 77 (2009) 1157-1160.

[27] M. Sivakumar, A.B. Pandit, Wastewater treatment: a novel energy efficient hydrodynamic
cavitational technique, Ultrason. Sonochem. 9 (2002) 123-131.

[28] R.K. Joshi, P.R. Gogate, Degradation of dichlorvos using hydrodynamic cavitation based
treatment strategies, Ultrason. Sonochem. 19 (2012) 532-539.

[29] P.R. Gogate, A.B. Pandit, Engineering design method for cavitational reactors: I.
Sonochemical reactors, AIChe J. 46 (2000) 373-379.

[30] P.R. Gogate, A.B. Pandit, Engineering design method for cavitational reactors: 11.
Hydrodynamic cavitation, AIChe J. 46 (2000) 1641-1649.

[31] P.R. Gogate, P.A. Tatake, P.M. Kanthale, A.B. Pandit, Mapping of sonochemical reactors:
review, analysis and experimental verification, AlChe J. 48 (2002) 1542-1560.

[32] M. Capocelli, D. Musmarra, M. Prisciandaro, A. Lancia, Chemical effect of hydrodynamic
cavitation: Simulation and experimental comparison, AIChe J. 60 (2014a) 2566-2572.

[33] M. Capocelli, M. Prisciandaro, A. Lancia, D. Musmarra, Hydrodynamic cavitation of p-

nitrophenol: a theoretical and experimental insight, Chem. Eng. J. 254 (2014b) 1-8.



[34] S. Chianese, P. lovino, S. Canzano, M. Prisciandaro, D. Musmarra, Ibuprofen degradation in
aqueous solution by using UV light, Desalin. Water. Treat. 57 (2016, 22878-22886.

[35] D. Musmarra, M. Prisciandaro, M. Capocelli, D. Karatza, P. lovino, S. Canzano, A. Lancia,
Degradation of ibuprofen by hydrodynamic cavitation: reaction pathways and effect of operational
parameters, Ultrason. Sonochem. 29 (2016) 76-83.

[36] P. lovino, S. Chianese, S. Canzano, M. Prisciandaro, D. Musmarra, Ibuprofen
photodegradation in aqueous solutions, Environ. Sci. Pollut. R. 23 (2016) 22993-23004.

[37] V. K. Saharant, A. B. Pandit, P.S.S. Kumar, S. Anandan, Hydrodynamic Cavitation as an
Advanced Oxidation Technique for the Degradation of Acid Red 88 Dye, Ind. Eng. Chem. Res. 51
(2012) 1981-1989.

[38] M.M. Gore, V. K. Saharan, D. V. Pinjari, P.V. Chavam, A.B. Pandit, Degradation of reactive
orange 4 dye using hydrodynamic cavitation based hybrid techniques, Ultrason. Sonochem. 21
(2014) 1075-1082.

[39] V. K. Saharan, M.P. Badve, A.B. Pandit, Degradation of Reactive Red 120 dye using
hydrodynamic cavitation, Chem. Eng. J. 178 (2011) 100-107.

[40] X. Wang, J. Wang, P. Guo, W. Guo, C. Wang, Degradation of rhodamine B in aqueous
solution by using swirling jet-induced cavitation combined with H>O, J. Hazard. Mat. 169 (2009)
486-491.

[41] K. P. Mishra, P.R. Gogate, Intensification of degradation of Rhodamine B using hydrodynamic
cavitation in the presence of additivities, Sep. Purif. Technol. 75 (2010) 385-391.

[42] P. Li, Y. Song, S. Wang, Z. Tao, S. Yu, Y. Liu, Enhanced decolourization of methyl orange
using zero-valent copper nanoparticles under assistance of hydrocavitation, Ultroson. Sonochem. 22
(2015) 132-138.

[43] S. Yang, R. Jin, Z. He, Y. Qiao, X. Liu, Degradation of Methyl Orange using Hydrodynamic
Cavitation Technology Combined with Chlorine Dioxide Oxidation: Optimization using Box-

Behnken Design (BBD), Chem. Eng. Trans. 59 (2017), 1063-1068.



[44] 1. Bissochops, H. Spanjers, Literature review on textile wastewater chracterisation, Environ.
Technol. 24 (2003), 1399-1411.

[45] T. Bashir, A.G. Soni, A.V. Mahulkar, A.B. Pandit, The CFD driven optimisation of a modified
venturi for cavitation activity, Can. J. Chem. Eng 89 (2011), 1366-1375.

[46] H.R. Pouretedal, A. Norozi, M.H. Keshavarz, A. Semnani, Nanoparticles of zinc sulfide doped
with manganese, nickel and copper as nanophotocatalyst in the degradation of organic dyes, J.
Hazard. Mater. 162 (2-3) (2009), 674-681.

[47] P. Gogate and A. Pandit, Hydrodynamic cavitation reactors: A state of the art review. Rev.
Chem. Eng., 17(1) (2011), 1-85. doi:10.1515/REVCE.2001.17.1.1

[48] X.K. Wang and Y. Zhang, Degradation of alachlor in aqueous solution by using hydrodynamic
cavitation, J. Hazard. Mater. 161 (1) (2009), 202-207.

[49] M. Goel, H. Honggiang, A.S. Mujumdar, M.B. Ray, Sonochemical decomposition of volatile
and non -volatile compounds — a comparative study, Water Res. 38 (2004) 239-274.

[50] Y. Ku, K.Y., K.C. Lee, Ultrasonic destruction of 2-chlorophenol in aqueous solution, Water
Res. 31 (1997) 929- 935.

[51] D.C. Montgomery, Design and Analysis of Experiments (1997), fifth ed. ISBN 0-471-
31649-0.

[52] N.P. Vichare, P.R. Gogate, A.B. Pandit, Optimization of hydrodynamic cavitation using a
model reaction, Chem. Eng. Technol., 33 (2000), pp. 683-690.

[53] S. Xie, P. Huang, J. J. Kruzic, X. Zeng, H. Qian, A highly efficient degradation mechanism of
methyl orange using Fe-based metallic glass powders, Sci Rep. 6 (2016), Article number 21947.
[54] H. Yang, J. Liang, L. Zhang, Z. Liang, Electrochemical Oxidation Degradation of Methyl
Orange Wastewater by Nb/PbO2 Electrode, Int. J. Electrochem. Sci. 11 (2016) 1121 — 1134.

[55] J. Madhavan, F. Griser, M. Ashokkumar, Degradation of orange-G by advanced oxidation

processes, Ultrason. Chem. 17 (2010) 338-343.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4763293/

ACCEPTED MANUSCRIPT

[56] Y. Tao, J. Cai, X. Huai, B. Liu, Z. Guo, Application of Hydrodynamic Cavitation to

Wastewater treatment, Chem. Eng. Technol. 39 (8) (2016), 1363 -1376.



ACCEPTED MANUSCRIPT

“$w

Pressure gauge Pressure gauge
M1)

vi

| Py Ts

Samping

Pump
P1

Jacketed mbong
T

Cooling water

—D}X}—> Discharge tine

Figure 1: Layout of the experimental apparatus used for the hydrodynamic cavitation tests
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Figure 3: Degradation of methyl orange with time for different levels of inlet pressure

(pin=0.2, 0.3, 0.4, 0.5, 0.6 and 0.66 MPa); pH = 2 and cmo/o = 5 ppm
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Figure 4: First order decolourization of MO using HC;

cmolo=5 ppm, pH=2, pin=0.2 MPa
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Figure 5: Degradation of methyl orange as a function of time at different pH solution (cmolo =5

ppm; pin = 0.6 MPa)
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Table 1: Scientific literature relative to the azo-dye degradation using hydrodynamic cavitation

Scientific | Dye Hydrodynamic | Maximum yields Optimal conditions
work cavitation-
based hybrid
techniques
Saharan Acid Red HC + H,0,+ Fe- | HC alone 92% Dye concentration= 100
etal. [37] | 88 TiO; HC + H20,99% (4000 uM) | uM
nanoparticles HC + H,0, (100 uM) + Fe- pH =2
TiO, Inlet pressure = 5 bar
(1.8 g/L) complete dye Temperature = 35 °C
decolorization 120 minutes
Note: the rate of
decolorization of dye
enhanced (by about 45-
60%) by the addition of Fe-
TiO,.
Gore et Reactive HC + H,0, + HC alone 37.23 Dye concentration= 40 ppm
al. [38] Red 4 Ozone HC + H,0,99% (molar ratio | pH =2
(RO4) RO4/ H,0, = 1/30) 99.56% Inlet pressure = 5 bar
HC + H;0, + Ozone Time = 120 minutes
complete dye dcolorisation
within 5 minutes
Saharan Reactive HC + H,0, HC alone 60% Dye concentration= 50 ppm
etal. [39] | Red 120 HC + H,0, (2024 uM) 100% | pH =2
Inlet pressure =5 bar
Temperature = 30-35°C
Time = 180 minutes




Wang et | Rhodamine | HC + H;0> HC + H202 (150 mg/L) Dye concentration= 10 ppm
al.[40] |B 99.1% pH=3
Inlet pressure = 6 bar
Temperature = 50°C
Time = 180 minutes
Mishra Rhodamine | HC + H;0, + HC alone 25% Dye concentration= 10 ppm
and B CCly+ Fenton’s | HC + H,0, (200 mg/L) pH=25
Gogate reagents 99.9% Inlet pressure = 4.8 bar
[41] HC Fenton’s reagents 100% | Temperature = 30-45°C
(in 15 min at 40°C) Time = 120 minutes
HC + CCl4 (1 g/L) 82%
Lietal. Methyl HC + Cu® HC alone 6.8% Dye concentration= 10 ppm
[42] Orange nanoparticles HC + Cu® nanoparticles (40 | pH=3
mg/L) 83% Inlet pressure = 4 bar
Temperature = 25°C
Time = 180 minutes
Yang et Methyl HC + CIO; HC + CIO; (8 mg/L) 83% Dye concentration= 10 ppm
al. [43] Orange Inlet pressure = 4 bar

Temperature =38°C

Time = 60 minutes




Table 2: Factors studied in the experiments according to the full factorial plan

Factor Levels
1+l

A Pressure (MPa) 0.2 0.6

B Temperature (°C) 10 40

C Metyl orange concentration (ppm) 5 20

D Time (min) 20 60




Table 3: Full factorial design

Treatment Coded factor Factors

A B C D A B C D

(MPa) | (°C) | (ppm) | (min)
-1 -1 -1 -1 -1 0.2 10 5 20
a +1 -1 -1 -1 0.6 10 5 20
b -1 +1 -1 -1 0.2 40 5 20
ab +1 +1 -1 -1 0.6 40 5 20
c -1 -1 +1 -1 0.2 10 20 20
ac +1 -1 +1 -1 0.6 10 20 20
bc -1 +1 +1 -1 0.2 40 20 20
abc +1 +1 +1 +1 0.6 40 20 60
d -1 -1 -1 +1 0.2 10 5 60
ad +1 -1 -1 +1 0.6 10 5 60
bd -1 +1 -1 +1 0.2 40 5 60
abd +1 +1 -1 +1 0.6 40 5 60
cd -1 -1 ++1 +1 0.2 10 20 60
acd +1 -1 +1 +1 0.6 10 20 60
bcd -1 +1 +1 +1 0.2 40 20 60
abcd +1 +1 +1 +1 0.6 40 20 60




Table 4: Decolourization rate constant, k, and yields at various inlet pressures (standard deviation

for the decolourization efficiency= 2- 7%)

Decolourization rate constant,

Inlet pressure Flow rate Cy Decolourization in 60
[MPa] [L/min] [-] min [%] “

[min™]
0.2 - - 40.00 0.0089
0.3 4.03 0.50 48.97 0.011
0.4 4.55 0.41 53.69 0.013
0.5 4.92 0.36 65.35 0.017
0.6 5.32 0.31 73.83 0.022
0.66 5.83 0.27 69.39 0.020

Table 5: Experiments performed during the second series of test to investigate the effect of pH

solution on decolourization of methyl orange

Initial MO concentration Inlet pressure
Test pH
[Ppm] [MPa]
1 5 2 0.6
2 5 4 0.6

3 5 6 0.6




Table 6: Comparison of the results of the hydrodynamic cavitation performed with and without

metal ions (standard deviation for dye degradation = 2-7%)

Experimental Metals Dye Decolourization Cavitation Electric
conditions ions degradation Constant rate k yield [mg energy
[%6] [min] L J-1] [kwh]
5 ppm of MO - 22.51 0.0044 2.39E-07 4.26
0.6 MPa
1 hour
20°C
5 ppm of MO 20 mg/L 75% 0.022 8.87E-07 0.85
0.6 MPa Fe
1 hour 10 mg/L
20°C Ni




