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a b s t r a c t
The removal of bordeaux red B as an azo dye in the presence of zinc-iron nanolayered double 
hydroxide was investigated under ultrasonic irradiation to propose a proper kinetic model. A facile 
co-precipitation method was used for preparing the zinc-iron nanolayered double hydroxide and the 
as-synthesized nanolayered double hydroxide was characterized using UV–Vis diffuse reflection spec-
troscopy (UV–Vis diffuse reflection spectroscopy), X-ray diffraction and scanning electron microscopy 
techniques. The effect of the sonocatalyst concentration and initial bordeaux red B concentration were 
studied in order to discover the kinetic characteristics of the sonocatalytic degradation of bordeaux 
red B. Considering the intrinsic elementary reactions of sonocatalytic degradation of bordeaux red B, 
a novel kinetic model was developed and validated. The proposed kinetic model revealed the depen-
dence of the apparent first-order rate constant on the main operational parameters. The obtained 
results revealed that the developed model was in a good agreement with experimental data with a 
good correlation coefficient (R2 > 0.975).
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1. Introduction

In recent decades, synthetic organic dyes have been 
widely used in various industries including leather, paper, 
cosmetic and textile [1,2]. Disposal of great amount of colored 
and toxic effluents which are generally harmful and resistant 
to biological degradation causes hazardous contamination of 
surface and ground water [1,3,4].

Azo dyes containing one or more azo bonds (–N=N–) in 
their structure are the most important group of dyes used 
in the textile industries. These dyes are carcinogenic and 
their presence in aqueous environment decreases the light 
penetration, resulting in decelerating the self-purification of 
streams [5,6].

Nowadays, the advanced oxidation processes (AOPs), 
known as efficient methods for the removal of organic pol-
lutants, have been widely applied in wastewater treatment 
[6,7]. Among the AOPs, ultrasonic process is a promising 
method for the wastewater remediation that has received 
great attention in recent years [8,9]. During ultrasonic pro-
cess, cavitation phenomenon including nucleation, growth 
and collapse of the bubbles caused by ultrasound waves 
produces extremely high temperature (5,000 K) and pressure 
(1,000 bar) inside the bubble [10]. In this process, the high 
temperature adjacent the bubbles causes thermal dissociation 
of water molecules which produces hydroxyl radicals as one 
of the most powerful oxidizing radicals. Easy management 
and high degradation efficiency are of the main advantages 
of the ultrasonic process [11–13]. However, this process is 
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time and energy consuming and complete mineralization 
rarely occurs. To overcome these limitations, the ultrasonic 
method can be merged with sonocatalyst. Among the differ-
ent materials used as sonocatalyst, semiconductors have got 
great attention in this field [8,14].

Layered double hydroxides (LDHs) are a class of 
lamellar materials comprised of positively charged host lay-
ers with an interlamellar area containing anions and solva-
tion molecules [15]. General formula of LDH compounds is 
[M2+

1–xMx
3+(OH)2]x+[Ax/n]n–.mH2O, in which M2+ and M3+ repre-

sent divalent metal cation (e.g., Ni2+, Zn2+, Fe2+ or Cu2+) and 
trivalent metal cation (e.g., Fe3+, Mn3+, Al3+ or Ga3+), respec-
tively. An– represents organic or inorganic anion by negative 
charge of n; and m shows the number of water molecules 
in the interlayer region. In this formula, the value of x is 
determined by molar ratio of M3+/M2++M3+ [16–18]. Recently, 
layered double hydroxides have received notable consider-
ations owning to their significant structural features such as 
considerable thermal stability, great anion-exchange ability 
and large surface area [19]. In addition, LDHs have been 
applied as catalyst in different processes such as photo- 
degradation of organic pollutants and complete destruction 
of organic compounds [20,21].

Studying the mechanism and kinetics of sonocatalytic 
process is vital to scale up the sonocatalytic degradation 
and also to design high efficient reactors for this process. 
According to previous reports, sonocatalytic oxidation 
of various organic compounds has been modeled by 
pseudo-first-order kinetics (Eq. (1)) [9,22] and Langmuir–
Hinshelwood equation (Eq. (2)) [23,24] as a function of 
irradiation time and contaminant concentration, respectively.
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where r is the reaction rate (g L–1 min–1), C0 and C show the 
concentration of contaminant in initial and after t time of 
reaction, respectively. In the mentioned formulas, kr is the 
reaction rate constant (g L–1 min–1), ks is the adsorption rate 
constant of goal compound (L g–1), and kapp is the apparent 
pseudo-first-order rate constant [25–28].

This study aims at investigating the reaction kinetics of 
sonocatalytic degradation of bordeaux red B as an azo dye by 
applying zinc-iron nanolayered double hydroxide. For this 
purpose, intrinsic elementary reactions which contain com-
prehensive concept of the method and effects of operational 
parameters are considered to develop a kinetic model [29]. A 
facile co-precipitation method was used for synthesizing zinc-
iron nanolayered double hydroxide, and the as-synthesized 
nanolayered double hydroxide was characterized using scan-
ning electron microscopy (SEM), X-ray diffraction (XRD) and 
UV–Vis diffuse reflection spectroscopy techniques. To the 
best of our knowledge, investigating intrinsic kinetic model 
for sonocatalytic activity of the zinc-iron nanolayered double 
hydroxide has not been reported previously. A novel kinetic 
model was developed based on intrinsic elementary reactions 
for sonocatalytic process.

2. Experimental

2.1. Reagents and materials

Zinc chloride (ZnCl2), ferric chloride hexahydrate 
(FeCl3.6H2O) and sodium hydroxide (NaOH) were provided 
by Merck, Germany. Bordeaux red B was purchased from 
Shimi Boyaksaz Co., Iran. Table 1 reports the main character-
istics of bordeaux red B.

2.2. Synthesis of zinc-iron nanolayered double hydroxide

The zinc-iron nanolayered double hydroxide was 
synthesized through co-precipitation method. In a typical 
synthesis process, 0.001 mol of ferric chloride hexahydrate 
and 0.003 mol of zinc chloride were dissolved in deionized 
water under N2 atmosphere. NaOH solution with concen-
tration of 3 mol L–1 was added dropwise to the prepared 
solution. The prepared suspension was stirred under N2 
atmosphere for 24 h. The synthesized nanolayered double 
hydroxide crystallites were washed with deionized water 
after collection. Eventually, the prepared nanolayered 
double hydroxides were dried at 50°C.

2.3. Characterization methods

A SEM was used to investigate the morphology of the pre-
pared nanolayered double hydroxide by using a TESCAN, 
MIRA3 (Czech Republic).

Table 1
Characteristics of bordeaux red B

Dye Chemical structure Molecular formula Color index number λmax (nm) Mw (g mol–1)

Bordeaux red B C20H12N2Na2O7S2 16,180 511 ± 2 nm 502.435
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XRD measurement was performed at room temperature 
using a Philips X-ray diffraction PW1730 diffractometer 
(Netherlands) Cu Kα radiation (I = 1.54065 Å), at an 
accelerating voltage of 40 kV and emission of current of 
30 mA.

An UV–Vis spectrophotometer (Sinco Co model S 4100, 
Korea) was used to evaluate the band gap of synthesized 
zinc-iron nanolayered double hydroxide in the range of 
200–800 nm.

2.4. Experimental conditions for kinetic study of the 
degradation process

In order to investigate the effect of the sonocatalyst dos-
age and initial dye concentration on the kinetic characteristics 
of the reaction, the sonocatalytic degradation of bordeaux 
red B was investigated in an ultrasonic bath apparatus. For 
this experiment, 100 mL of bordeaux red B solution with a 
certain amount of sonocatalyst was irradiated in the ultra-
sonic bath with frequency of 50 Hz and 300 W output power. 
The experiments were conducted in the dark to omit the 
influence of the photolysis and photocatalysis. Every 15 min, 
sampling of the dye solution was performed from the reactor 
and the remaining concentration of dye was measured using 
an UV–Vis spectrophotometer at a maximum wavelength of 
550 nm. The degradation efficiency (%) of bordeaux red B via 
sonocatalytic process was determined using Eq. (3):

Degradation efficiency % 1000

0

( ) = −
×

C C
C

t  (3)

where C0 and Ct represent the absorbance of the dye solution 
in initial time and t time, respectively.

3. Results and discussion

3.1. Characterization of synthesized zinc-iron nanolayered 
double hydroxide

The crystallite structure of the synthesized zinc-iron 
nanolayered double hydroxide was studied using XRD 
analysis. As can be observed in Fig. S1, the XRD diffraction 
peaks centered at 2θ values of 11.94°, 20.64°, 23.84°, 28.94°, 
31.09°, 33.19°, 35.39°, 59.09° and 60.34° which are related 
to the 001, 002, 003, 110, 111, 112, 113, 031 and 032 planes 
reflection demonstrated that nanolayered double hydroxide 
was successfully synthesized [30]. The mean crystallite size 
of the prepared sample (D) was calculated to be 13 nm 
using Debye-scherrer’s formula based on the sharpest 
peak (11.8°) [31].

The morphology of the as-synthesized zinc-iron nanolay-
ered double hydroxide was investigated using SEM analysis. 
SEM images shown in Fig. 1 demonstrate that nanosheets 
with approximate width diameter of 32 nm were synthesized.

Band gap value of zinc-iron nanolayered double 
hydroxide was determined using UV–Vis diffuse reflectance 
spectra analysis. The optical absorption near the band gap of 
the sonocatalyst can be determined according to Eq. (4) [32].

αhv K hv Eg= −( )0.5
 (4)

where α and hν demonstrate the absorption coefficient and 
photon energy (eV), respectively. Moreover, K and Eg show 
the proportionally constant and band gap energy, respec-
tively. The plot of (αhν)2 vs. hν can be used for determining 
the band gap. The band gap of the synthesized nanolayered 
double hydroxide was calculated to be 2.2 eV by extrapolating 
the linear region of mentioned plot (Fig. S2) [21,32].

3.2. Comparison of adsorption, sonolysis and sonocatalysis in 
degradation of bordeaux red B

The degradation of bordeaux red B was investigated 
via various processes including adsorption, sonolysis and 
sonocatalysis. The values of the initial bordeaux red B con-
centration and sonocatalyst dosage were 0.02 and 0.5 g L–1, 
respectively.

As it is obvious in Fig. 2, only 15% of bordeaux red B 
was removed via adsorption after 120 min of being stirred 
magnetically in the dark environment. The results demon-
strated that only 19% of degradation efficiency can be 
obtained by sonolysis alone (in the absence of sonocatalyst) 
after 120 min of reaction time. The highest removal efficiency 
(90%) was obtained in the presence of zinc-iron nanolayered 
double hydroxide as sonocatalyst during 120 min. It should 
be noted that in order to eliminate the adsorption effect in 

 

 

Fig. 1. SEM images of the zinc-iron nanolayered double 
hydroxide.
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sonocatalysis process, the dye solution and sonocatalyst 
mixture was stirred for 30 min before ultrasonic irradiation 
in sonocatalysis processes.

3.3. Effects of different parameters on the sonocatalytic 
degradation of bordeaux red B

The dependence of the kinetic modeling of the sonocata-
lytic degradation on the sonocatalyst dosage and initial dye 
concentration was studied by performing two various series 
of experiments. The operational conditions are depicted in 
Table 2. The influence of the sonocatalyst concentration on 
the degradation efficiency and linear relationship of bor-
deaux red B degradation during sonocatalytic degradation 
process are represented in Fig. 3. As can be seen in Fig. 3(a), 
the results demonstrated that by increasing the sonocatalyst 
concentration from 0.1 g L–1 concentration up to 0.5 g L–1, the 
degradation efficiency was improved from 58% to 94% and 
then decreased after 120 min of sonocatalytic reaction. The 
increment of sonocatalyst dosage up to optimum amount 
increased the degradation efficiency by increasing the •OH 
radicals generation due to increasing the active reaction 
sites via providing great available surface area [33]. The 
decrement in degradation efficiency was observed at other 
values than optimum amount of sonocatalyst which can be 
attributed to aggregation of the sonocatalyst resulting in 
decreasing the number of the surface active sites [5,34]. In 
addition, Fig. 3(b) shows high correlation coefficient (R2) 
for different sonocatalyst dosage in the range of 0.1–1 g L–1, 
demonstrating that experimental data of bordeaux red B 
degradation with different sonocatalyst dosages can be well 
fitted with pseudo-first-order kinetic equation. The effect of 

the initial concentration of bordeaux red B on the degrada-
tion efficiency was studied, and the results are reported in 
Fig. 4. As can be seen in Fig. 4(a), by enhancing the initial bor-
deaux red B concentration from 0.01 to 0.05 g L–1, the degra-
dation efficiency diminished from 97% to 51%, after 120 min 
of sonocatalytic reaction time. By enhancing the number of 
dye molecules, the requirement for hydroxyl radicals for 
degradation of dye molecules enhances. Considering that the 
number of generated hydroxyl radicals is constant under the 
constant conditions, the degradation efficiency decreases by 
increasing dye concentration [35]. Moreover, the active sites 
of zinc-iron nanolayered double hydroxide as sonocatalyst 
can be occupied with molecules of dye at high concentration 
of dye which prevents the absorption of energy produced 
via cavitation phenomenon, resulting in a decline in deg-
radation efficiency. High correlation coefficient (R2 ≥ 0.989) 
was resulted for different initial dye concentrations, indi-
cating well-fitness of experimental data of bordeaux red B 
degradation with different initial dye concentration with 
pseudo-first-order kinetic equation (Fig. 4(b)) [6].

3.4. Mechanistic aspects of sonolysis and sonocatalytic 
degradation of bordeaux red B

The possible mechanisms for sonolytic and sonocatalytic 
degradation of bordeaux red B were proposed in Tables 3 
and 4, respectively. Under ultrasonic waves in sonolysis and 
sonocatalytic degradation of organic compounds, microbub-
bles are produced, grow and implosively collapse. Reaction 
regions with high temperature (~5,000 K) and pressure 

 Fig. 2. Comparison of adsorption, sonolysis and sonocatalysis 
processes in degradation of bordeaux red B, experimental 
condition: [bordeaux red B] = 0.02 g L–1, [sonocatalyst] = 0.5 g L–1, 
power of ultrasonic = 300 W and pH = 6.

Table 2
Operational conditions of sonocatalytic degradation of 
bordeaux red B

Parameter Range

Dye concentration (g L–1) 0.01–0.05
Sonocatalyst concentration (g L–1) 0.1–1
Ultrasonic power (W) 300

 

 

Fig. 3. (a) Effect of sonocatalyst concentration on the sonocatalytic 
degradation of bordeaux red B and (b) linear relationship of 
bordeaux red B degradation during sonocatalytic degradation 
process at differeant sonocatalyst dosage, experimental condition: 
[bordeaux red B] = 0.02 g L–1, power of ultrasonic = 300 W and 
pH = 6.



L. Samaei et al. / Desalination and Water Treatment 152 (2019) 374–382378

(~1,800 bar) in the aqueous solution which are generated 
from the collapse of the bubbles are considered as hot spots 
[36]. Three probable zones caused by sonochemical pro-
cesses can be considered including inside of the bubbles, 
bubble–liquid interfacial region and liquid bulk. Due to the 
high radical concentration achieved by high temperature, 
gas–liquid interfacial region has been proposed to be the most 
effective zone for destruction of non-volatile and hydrophilic 
compounds [11,37].

In sonolysis, pyrolysis of water by hot spots generates 
hydroxyl and hydrogen radicals as shown in reaction 1 
(Table 3) [38]. According to reaction 2, oxygen molecules 
can be converted to oxygen atoms by thermal dissocia-
tion. In reaction 3, •OH radicals can be produced through 

the reaction of the formed oxygen atoms with water [39]. 
In addition, hydroperoxyl radicals (HO2

•) can be produced 
by reacting O2 molecules present in the vapor phase of the 
bubble with •H (reaction 4), the produced radical can be 
converted to hydrogen peroxide (reaction 5), which can 
scavenge hydroxyl radicals according to reaction 6 [40–42]. 
Organic compounds can be oxidized by generated •OH 
radicals (reactions 7 and 8) [43].

Degradation efficiency enhancement in the presence 
of sonocatalyst can be interpreted considering the sono-
luminescence phenomenon. Sonoluminescence results by 
recombination of the free radicals produced within cav-
itation bubbles and includes the emission of light [38]. The 
emitted light which contains ultraviolet irradiation can excite 
the semiconductor applied as sonocatalyst, resulting in pro-
ducing electron– hole pairs on the semiconductor (reaction 9, 
Table 4). [44,45]. A fraction of sonogenerated electron–hole 
pairs can be recombined via reaction 10. As shown by reaction 
11, superoxide anion radicals can be formed by the reaction of 
electron acceptor species such as O2 with sonogenerated elec-
trons. By generating the electron–hole pairs on the surface 
of sonocatalyst, the water molecules and hydroxide ions 
adsorbed on sonocatalyst can react with generated holes and 
produce hydroxyl radicals (reactions 12 and 13). In addition 
to O2

•‒ and •OH, radicals of HO2
• and H2O2 species, which are 

powerful oxidant, can be generated according to the reactions 
14 and 15, respectively [44]. As can be seen in reactions 17 and 
18, hydroxyl radicals can degrade bordeaux red B molecules.

3.5. Development of a kinetic model using intrinsic elementary 
reactions

The intrinsic elementary reactions presented in Tables 3 
and 4 were applied for developing a kinetic model. In order 
to develop an appropriate kinetic model, the following 
assumptions are expressed by considering the experimental 
conditions.

• Bulk solution which contains nanolayered double 
hydroxide as sonocatalyst is stirred magnetically in dark 
for 20 min to establish equilibrium conditions between 
bordeaux red B and sonocatalyst surface.

• The concentration of reactive species such as hydroxyl 

radicals, h+ and e– generated through sonocatalytic process 
is based on steady-state assumptions (SSA).

• The concentration of h+ and e– is equal.

 

 

Fig. 4. (a) Effect of dye concentration on the sonocatalytic 
degradation of bordeaux red B and (b) linear relationship of 
bordeaux red B degradation during sonocatalytic degradation 
process at different bordeaux red B concentration, experimental 
condition: [sonocatalyst] = 0.5 g L–1, power of ultrasonic = 300 W 
and pH = 6.

Table 3
Reactions involved in oxidation of bordeaux red B by sonochemical process

Reaction No. Elementary reaction Kinetic constant Ref.

1 H2O + Ultrasonic irradiation → •OH + H• k1 [1,2]
2 O2 + Ultrasonic irradiation → 2O• k2 [3]
3 O• + H2O → 2•OH k3 [3]
4 H• + O2 → HO2

• k4 = 2.1 × 1010M−1S−1 [1,2]
5 H• + HO2

• → H2O2 k5 = 2.1 × 1010 M−1S−1 [3]
6 •OH + H2O2 → H2O + HO2

• k6 = 2.7 × 107 M−1S−1 [1,2]
7 •OH + Bordeaux red B → Intermediate products k7

8 •OH + Intermediate products → Degradation products k8
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Since the concentration of dissolved oxygen molecules 
in the solution bulk is low, reactions 2–5, 11 and also reac-
tions 14–16 can be neglected. In addition, the influences 
of degassing by ultrasonic waves have intensified this 
phenomenon [46].

According to the expressed assumptions, the overall 
reaction rate for the sonocatalytic degradation of bordeaux 
red B can be described in Eq. (5):

r
V

dN
dt

dc
dt

k

k

tot hetero.son o

hetero.ca

OH Dye= − × = − =     +
•1

tt OH Dye•     (5)

In which rtot, N, V, t, Khetero.sono and Khetero.cat represent the 
total reaction rate, moles of bordeaux red B, reaction volume, 
reaction time and second-order kinetic constants for the sono-
lysis and sonocatalytic reactions, respectively. By considering 
two second-order kinetic expressions given in Eq. (5), the 
concentration of •OH radicals by applying SSA can be calcu-
lated individually for each expression. Eq. (6) was used for 
determination of the total concentration of •OH radicals:

d

dt
k k k

•

• •
  =   +     −  
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H O 2 O  H O OHinterface
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where kus is the kinetic constant of reaction 1, and IP 
represents the intermediate products. Due to the aforemen-
tioned reason, k6[•OH][H2O2] and k3[O•][H2O] expressions 
can be neglected in Eq. (6). Since determining the concentra-
tions of [IP]interface and [Dye]interface is difficult, by considering 
Eqs. (7) and (6) can be modified to Eq. (8).

Dye IP Dye
interface interface tot interface

  +   =   −
 (7)
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Because of the constant concentration of water in the 
bulk, Eq. (6) can be reformed to Eq. (9) by substituting k ’us 
instead of kus[H2O].

•

−

  =
′

+( )  
OH

Dyeinterface
us

7 8 tot interface

k
k k

 (9)

Based on the steady-state approximation, the total 
concentration of hydroxyl radicals adsorbed on the surface 
of sonocatalyst can be determined:

d

dt
k h k h k

•

+ − +
  =     +     +

OH
H O OH Hads

12 2 ads 13 ads 16 22 2 ads

17 ads ads 18

O  

OH Dye OH IP

   

−     −    

−

• •

e

k k  =
ads

0  (10)

If it supposed that the large amount of •OH radicals is 
produced by adsorbed water molecules, because of the vicin-
ity of natural pH of bordeaux red B (pH = 6) to the neutral 
pH governing in the experiments, the following assumption 
is found: k12[H2O]ads[h+] >> k13[OH–]ads[h+].

Due to the constant solvent concentration, k12[H2O] 
is equal to k’12. Besides, k16[H2O2]ads[e–] can be neglected 
because of the low concentration of H2O2 resulted by low 
concentration of dissolved O2. Consequently, Eq. (10) can be 
rearranged to Eq. (11):

•
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By including Eq. (13) in Eq. (11), Eq. (14) is achieved:

•

+
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  =
′  

+( ) −  
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12

17 18 tot ads

k h

k k
 (14)

Table 4
Reactions involved in oxidation of Bordeaux red B by sonocatalytic process

Reaction No. Elementary reaction Kinetic constant Ref.

9 Semiconductor ZnFe – NLDH + ultrasonic irradiation → e– + h+ k9

10 e– + h+ → heat k10 [2]
11 e– + O2 → O2

•– k11

12 ZnFe – NLDH – H2O + h+ → ZnFe – NLDH – •OH + H+ k12 [2]
13 ZnFe – NLDH – OH– + h+ → ZnFe – NLDH –•OH k13 [2]
14 ZnFe – NLDH – O2

•– + H+ → ZnFe – NLDH – H2O• k14 [3]
15 ZnFe – NLDH – H2O• + H+ + e– → ZnFe – NLDH – H2O2 k15 [3]
16 ZnFe – NLDH – H2O2 + e– → ZnFe – NLDH – •OH + OH– k16 [3]
17 ZnFe – NLDH – •OH + Bordeaux red B → intermediate products k17

18 ZnFe – NLDH – •OH + intermediate → degradation products k18
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The concentration of h+ induced by sonocatalytic process 
can be determined using Eq. (15) by applying SSA:

d h

dt
k I k h k h

k

+

+ +
  =   −   −     −9 us 10

2

12 2 ads

13

NLDH H O

OOH 0              
ads

− +    =h  (15)

Since the power of the applied ultrasonic irradiation was 
constant during the experiments, k9Ius[NLDH] can be rewrit-
ten as k9́ [NLDH]. Considering this fact that recombination 
rate of generated h+ and e– is effectively more than trapping 
h+ by water molecules and considering that k12[H2O]ads[h+] >> 
k13[OH–]ads[h+], Eq. (15) can be modified to Eq. (16) [47].
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Based on SSA, concentration of the adsorbed •OH radicals 
can be determined through including Eq. (16) in Eq. (15) 
which leads to Eq. (17):
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By combining Eq. (9) and Eq. (17), the total destruction 
rate expression for sonocatalytic degradation of bordeaux 
red B can be represented by Eq. (18):
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By considering Eq. (18), kapp can be determined as follows:
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Eq. (20) illustrates a pseudo-first order rate reaction 
with the respect to the bordeaux red B concentration.
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In order to simplify, Eqs. (20)–(25) are considered to 
develop Eq. (27).
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Eq. (26) reveals that the degradation rate constant is a 
function of sonocatalyst concentration and initial concentra-
tion of bordeaux red B. A least square curve fit method by 
Matlab a2013 was applied for calculating the values of α, β 
and γ constants. The results are reported in Table 5.

Finally, the expression for predicting the degrada-
tion efficiency of bordeaux red B by considering the 
pseudo-first-order rate equation can be ascribed by Eq. (27).

Decolorization efficiency % 1 exp
NLDH

predicted

0.5

( ) = − −
+  α β

γγ Dye
 

 




























×



t  (27)

To evaluate the developed kinetic model, the predicted 
bordeaux red B degradation efficiency determined from Eq. 
(27) was plotted in respect to the experimental bordeaux 
red B degradation efficiency (Fig. 5). The value of 0.975 for 
R2 implies a significant correlation among the experimen-
tal bordeaux red B degradation efficiency and the values 

Table 5
Calculated constant values by least square method for degradation of bordeaux red B in the presence of zinc-iron nanolayered 
double hydroxide

[Dye]0 (g L–1) [Sonocatalyst] (g L–1) Kinetic model Parameter Value

0.01–0.05 0.5
kapp

ZnFe NLDH
DYE

=
+ − 

 

α β

γ

1 2

0

/ α 5.53 × 10–2 L g–1.s3

β 0.158 L1.5 g–1.5.s3

γ 416 × 10–3 L2 g–2.s2

0.02 0.1–1.0 α 4.97 × 10–2 L g–1.s3

β 0.169 L1.5 g–1.5.s3

γ 359 × 10–3 L2 g–2.s2
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of degradation efficiency predicted by Eq. (27). The results 
demonstrated that the mechanism proposed for reaction and 
also the assumption used for developing the model are valid.

4. Conclusions

The sonocatalytic degradation of bordeaux red B in 
the presence of zinc-iron nanolayered double hydroxide 
was modeled based on the intrinsic elementary reactions. 
Convenient co-precipitation method was applied for prepa-
ration of zinc-iron nanolayered double hydroxide. The SEM 
analysis showed that the mean diameter of the nanosheets in 
synthesized nanolayered double hydroxide is about 32.5 nm. 
The XRD patterns revealed the preparation of nanosheets with 
average crystallite size of 13 nm. The effects of the sonocata-
lyst concentration and initial bordeaux red B concentration 
were investigated on the sonocatalytic degradation efficiency 
of bordeaux red B. A novel kinetic model was developed 
based on intrinsic elementary reactions to predict the removal 
efficiency of bordeaux red B. The developed kinetic model 
completely indicates the influence of sonocatalyst concentra-
tion and initial bordeaux red B concentration on the degrada-
tion apparent rate constant. High R2 value (0.975) confirmed 
a significant correlation between the experimental bordeaux 
red B degradation efficiency and the values predicted by 
as-developed kinetic model. It can be concluded that the con-
sidered assumptions and intrinsic sonolysis and sonocatalysis 
reactions applied to propose the kinetic model are valid.
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Fig. S1. XRD pattern of zinc-iron nanolayered double hydroxide.

  

Fig. S2. UV–Vis diffuse reflectance spectrum of zinc-iron 
nanolayered double hydroxide.
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