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a b s t r a c t
In the present study, the applicability of hydrodynamic cavitation (HC) and its combination with 
other oxidizing agents including sodium hypochlorite (NaOCl) and UV irradiation for the degra-
dation of Direct Red 16 (DR16) was investigated. The effects of different operating parameters like 
initial pH (3.0–9.0), different DR16/NaOCl molar ratio (1:20, 1:17, 1:15 and 1:10), initial concentra-
tion (20–40 mg/L), and pressure (1.0–5.0 bar) on DR16 degradation were also studied. The combined 
approaches of HC + UV, NaOCl + UV, HC + NaOCl, and HC + NaOCl + UV were surveyed (under 
conditions of pH = 6.8, DR16 dosage = 20 ppm, NaOCl/DR16 molar ratio of 20:1, and P = 5.0 bar). 
The degradation efficiency obtained by the individual processes of HC, UV, and NaOCl were 20%, 
17%, and 66%, respectively; while in combined processes of HC + UV, NaOCl + UV, HC + NaOCl, 
and HC + UV + NaOCl, 42%, 73%, 77% and 88% of DR16 degradation was achieved in tap water, 
respectively in 30 min of treatment time. Also, for HC + UV + NaOCl process 99% of DR16 degra-
dation was obtained in deionized water. In order to evaluate the kinetics of DR16 degradation, 
two kinetics models including first order kinetics and fractal like kinetics equations were used. 
Among the studied kinetics models, fractal like kinetics model showed the best correlation with 
the experimental data. The obtained data showed that several mechanisms (paths) are involved in 
DR16 degradation. Based on the obtained results HC + NaOCl  +  UV can be served as a potential 
treatment method to degrade dyes and other organic pollutants from aqueous solutions.
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1. Introduction

Azo dyes are recalcitrant, persistent and non-biode-
gradable compounds which commonly recognized by the 
–N = N– band. They are classified as the most widely used 

synthetic dyes and toxic pollutants. The carcinogenicity 
and toxicity of azo dyes make them a serious environmen-
tal concern [1]. Direct Red 16 is one the most important azo 
dyes; it is commonly used for beater dyeing as well as other 
paper applications. However, highly carcinogenic, muta-
genic and strong resistance to biodegradation is reported for 
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DR16 [2]. Therefore, it is essential to remove such pollutants 
from water and other environments with efficient methods 
[3,4]. Currently, several methods are used for this purpose 
including adsorption [5], biodegradation [6], flocculation [7], 
filtration [8], and AOPs [9]. Among the mentioned methods 
AOPs are more efficient and capable of degrading complex 
pollutants [10,11]. Some examples of AOP techniques which 
are used for organic dyes degradation are photo-catalysts, 
Fenton reagent, photo-Fenton, and cavitation [12,13]. In this 
regard, cavitation is classified into four types depending on 
the method of its formation: hydrodynamic, acoustic, optic 
and particle cavitation. Among these four techniques acous-
tic (AC) and hydrodynamic cavitation (HC) are known as the 
most widely used for dyes treatment. However, less energy 
is consumed when HC is used [14]. HC [15] is a new tech-
nology which is used frequently for decomposition of dyes 
and other complex pollutants. Cavitational reactors opera-
tion and design are simple. Moreover, they have capacity 
for large-scale operations [15]. HC provides various advan-
tages like controllability, low processing time, low energy 
consumption, and successful targeting. Moreover, this 
method produces no by-product due to its high oxidative 
capability [15].

This technology is based on the passing of an aqueous 
solution through a constriction-diverging device, such as 
throttling valve, venture, and orifice plate [16]. During this 
process, substantial pressure is changed due to the restric-
tion (or modification) of the flow path. If the liquid pressure 
falls to its vapor pressure (at the operating temperature), cav-
ities are formed and subsequently grown; consequently, the 
formed cavities are collapsed [13,17]. As a result of the cav-
ities collapse, high localized temperatures of up to 10,000 K 
and high localized pressures of 101.3 kPa are generated [18]. 
In such extreme environmental conditions, •OH radicals are 
generated. It is well known that •OH radicals have a remark-
able ability to oxidize complex pollutants [19]. Furthermore, 
during the cavities collapse process, the trapped pollutants 
inside cavities are thermally decomposed/pyrolyzed [20]. 
However, the use of this process faces an important chal-
lenge: the rate of •OH radical formation by HC process is 
low. Several studies reported that HC alone cannot give the 
required degradation efficiency [21]. Therefore, in many 
studies, HC is coupled with other techniques such as H2O2 
[22], O3 [23], photocatalysts [24], UV irradiation [25], persul-
fate [26], chlorine compounds [27], activated sodium per-
carbonate-ozone [28] and etc to provide a hybrid advanced 
oxidation process in which higher degradation efficiency 
can be obtained in lesser time. However, a detailed discus-
sion on synergism between HC and different AOPs investi-
gated by Fedorov et al. [29]. There are several papers on the 
application of HC along with different oxidation processes. 
In Table 1, we provide a brief literature summary on deg-
radation of containment with HC and combination of HC 
with other oxidation processes.

As presented in this table and also other studies, many 
efforts were made to degrade the dyes and other complex 
components using the combinations of HC and other oxi-
dizing agents. However, to our knowledge, there are no 
reports on the combination of HC with UV and NaOCl. 
Therefore, this study aimed at combining the HC and these 
oxidants to increase the degradation efficiency. For this 

purpose, the degradation of DR16 with the use of HC and 
HC based hybrid advanced oxidation processes such as, 
HC + UV, HC + NaOCl, and NaOCl + UV, HC + UV + NaOCl 
processes were studied. As another hybrid approach, the 
ability of NaOCl  +  UV in degrading DR16 was investi-
gated. Moreover, the kinetics of the studied processes was 
investigated by means of first order kinetics and fractal like 
kinetics models.

2. Materials and methods

2.1. Materials

DR16 (Table 2) (C26H17N5Na2O8S) was obtained from 
Alvan Co., (Tehran, Iran). Sodium hypochlorite was pur-
chased from Merck (Germany). All chemicals were used 
without further purification. The pH of the solutions was 
adjusted by NaOH and HCl (1 M) solutions.

2.2. HC reactor setup

The HC reactor setup, used in this study, is schemati-
cally represented in Fig. 1. The main parts of the setup are as 
follows: a holding tank of 20 L volume, reciprocating pump 
of power rating of 1.1 kW, control valves (V1, V2, and V3), 
pressure gauges (P1, P2), cavitating device and etc. The ven-
ture geometry (Fig. 1) was selected from the work by Bashir 
et al. [39]. Therefore, to obtain the best cavitational activity, 
degradation experiments were performed using a venturi 
with optimized geometry recommended in their work [39]. 
There are two pipelines in setup including the main line 
and bypass line. The cavitating device was accommodated 
in the main line for generation cavities. The main line pres-
sure and flow were adjusted through control valves in the 
bypass line. A UV-C lamp (8  W) was applied as the light 
source. The contaminated water was poured into the feed 
tank (holding tank) and then it moves into the cavitation 
region and finally the treated solution returned to the tank  
again.

2.3. Experiment procedures

Degradation of DR16 was carried out using HC at dif-
ferent conditions with a fixed volume of solution (3.0 L) of 
a known concentration. Tap water was used for preparation 
of the solutions. For all experiments, the reaction time was 
set as 5.0, 10, 20, and 30 min and samples were withdrawn 
at these time intervals for further analysis. The temperature 
inside the reactor was kept constant at 30°C  ±  2°C using a 
water-cooling jacket.

Hydrodynamic-cavitation-based degradation of DR16 
was carried out at different conditions. The effect of initial 
DR16 concentration on degradation rate was investigated in 
range of 20–40 mg/L. Furthermore, to investigate the effect 
of the solution pH, a series of experiments were performed 
over the pH range of 3.0 to 9.0. Also, four different DR16/
NaOCl molar ratios (1:20, 1:17, 1:15 and 1:10) were used to 
study the effect of NaOCl on DR16 degradation efficiency. 
The degradation of DR16 was measured by following the 
decrease in absorbance at 506  nm on a Shimadzu-1800  UV 
spectrophotometer. All experiments were repeated three 
times and the average was reported.
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2.4. Degradation kinetics studies

One of the most important parts of HC processes is kinet-
ics studies. The study of HC kinetics can bring vital informa-
tion about the mechanism and rate of the process. In order 
to analyze the kinetics of the DR16 degradation process, 
none-linear form of two models including first order, and 
fractal like kinetics models were used [40,41]. The mathe-
matical forms of these models are shown as Eqs. (1), and (2), 
respectively:

C C k t� �� �0 1exp 	 (1)

C C k tf� �� �0 exp
� 	 (2)

where C and C0 are the concentration at time ‘t’ and ‘t = 0’, 
respectively. Also, k1 and kf are the rate coefficient of the first 
order kinetics and fractal like kinetics models, respectively. 
Furthermore, α (0 ≤ α ≤ 1) is the fractional time index. This 
parameter is an indication of the number pathways which 
are participated in degradation. The further it is from 1, 
the number of involved paths (in degradation) increases [41].

However, the agreement between the experimental data 
and these kinetics models was evaluated by the correla-
tion coefficients (R2). The obtained results from the kinetics 
model were summarized in Tables 2-4 and S1–S3. The best 
correlation coefficients were seen for fractal like kinetics 
model. According to this model, with passing time, differ-
ent paths appear for DR16 degradation [41]. These paths 
are including direct degradation of DR16 and radical path-
way. It should be mentioned that the obtained correlation 
coefficients from the first order kinetics model are very 
lower than that of fractal like kinetics model. Therefore, 
the fitted parameters of first order kinetics are summarized 
in supporting information file.

3. Results and discussion

3.1. Effect of initial DR16 concentration

In order to evaluate the effect of initial dye concentra-
tion on the degradation rate, experiments were carried out 
with various initial DR16 concentrations (20-40 mg/L). In all 
experiments, the operating conditions were pH  =  6.8, inlet 
pressure = 5.0 bar, DR16/NaOCl molar ratio of 1:20. Fig. 2a 
shows the influence of initial DR16 concentration on degra-
dation efficiency; as can be seen, for all initial concentrations 
the degradation efficiency was increased as time prolongs. 
About 88%, 80%, and 75% DR16 degradation was obtained 
for 20, 30, and 40  ppm of dye concentration, respectively, 
after 30  min treatment time. Therefore, the degradation 
efficiency was decreased as the initial dye concentration 
increased. This can be explained as follow: the experiments 
of this section were conducted at same operating conditions 
but different concentrations of DR16. However, the number 
of generated •OH radicals is only dependent on operating 
conditions. Therefore, the amount of generated •OH radi-
cals remains constant in all experiments. Hence, by increas-
ing the concentration of DR16, the ratio of •OH radicals to 
dye molecules was reduced which leads to the decline of 
degradation efficiency.M
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For all concentrations, the correlation coefficient of frac-
tal like kinetics model was higher than 0.99 and rate coef-
ficients were 0.39, 0.41, and 0.48, respectively for 40, 30, 
and 20  ppm. Also, as the initial concentration increased 
the value of α decreased. This shows that increasing the 

initial concentration of DR16 will increase the number of 
paths. The fitting parameters for the studied kinetics mod-
els are summarized in Table 3. Fig. 2b (symbols) shows 

Table 2
DR16 structure and properties

Structure Properties

Double azo class, soluble in water 
for product red, slightly soluble 
in ethanol peach pink, insoluble 
in other organic solvents.
Molecular weight: 637.55 g/mol

 

Fig. 1. Schematic view of HC reactor and dimensions of the venture as the cavitating agent.

Table 3
Fitted parameters of fractal like kinetics model for degradation 
of DR16 (with different initial concentrations). Also, the last 
column shows the degradation efficiency

C0 (mg/L) kf (1/minα) α R2 Degradation 
efficiency (%)

20 0.41 0.48 0.9999 88
30 0.39 0.41 0.9996 80
40 0.34 0.39 0.9936 75

Table 4
Fitted parameters of fractal like kinetics model for degrada-
tion of DR16 at different pH. Also, the last column shows the 
degradation efficiency

pH kf (1/minα) α R2 Degradation efficiency

3.8 0.49 0.47 0.9998 92
4.8 0.45 0.48 0.9997 91
5.8 0.44 0.43 0.9991 90
6.8 0.41 0.48 0.9999 88
7.8 0.32 0.52 0.9985 83
8.8 0.28 0.54 0.9924 81
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the variation of DR16 concentration as function of time. 
Moreover, the obtained results from the fitting of data 
using first order kinetics models are shown in Table S1.

3.2. Effect of solution pH

One of the most important influencing parameters con-
cerning the feasibility of DR16 degradation is the pH of the 
solution. The effect of solution pH was studied in the range 
of 3.8–8.8. The obtained data are shown in Fig. 3a. Moreover, 
the data were correlated by means of first order kinetics and 
fractal like kinetics models, and the results are presented in 
Fig. 3b. Also, the fitting parameters for the studied kinet-
ics models are summarized in Tables 4 and S2. As can be 
seen from the results, DR16 degradation efficiency and 
fractal like rate coefficients are decreased with increasing 
pH. The variation of α with pH is an indication of differ-
ent radical species formation at different pH (the existence 
of different radical will change the number of degrada-
tion paths). This observation can be interpreted as follows: 
in pH < pKa, dye occurs in neutral form and behaves as a 
hydrophobic solute [42]. Therefore, at such pH, DR16 has 
tendency to enter the region of gas–water interface of cav-
ities. Clearly, in this region dye molecules are more readily 
subjected to radical attacks. On the other hand, in pH > pKa 

dye molecules are in their ionized form and have more affin-
ity to remain in the bulk liquid. It is well known that only 
about 10% of the hydroxyl radicals (which are generated on 
the cavity’s inner surface) are able to diffuse into the bulk 
solution [15]. Therefore, lower concentration of hydroxyl 
radicals leads to lower degradation [15]. Moreover, in aque-
ous solution, OCl– ion is in equilibrium with hypochlorous 
acid (HOCl) [38]. However, distribution of species in equi-
librium is strongly dependent on solution pH; at the pH 
range of 2-7 the equilibrium favors hypochlorous acid. The 
equality exists between HOCl and OCl– at pH of 7.4. The 
main species is Cl2, when pH is below 2. Therefore, at pH 
of 3.8, the dominant species is the strongly oxidizing HOCl 
[38]. According to the literature, un-dissociated HOCl can 
evaporate into cavitation bubbles where sonolysis of HOCl 
may occur [43]. Also, more •OH radicals are generated in 
presence of HOCl which results in increase of degradation  
percentage [44].

Khajeh et al. [42] investigated the degradation of direct 
red 89 in the pH ranging from 2.2 to 8.2 using HC. They 
found that under acidic conditions, HC promotes the forma-
tion of •OH radicals, which have a higher oxidation potential. 
However, under basic conditions, the presence of hydroxyl 
ions leads to the recombination of free radicals, resulting 
in the formation of H2O2 with lower oxidation capacity.
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Fig. 2. (a) Effect of initial concentration of DR16 on degradation 
efficiency. (b) The variation of DR16 concentrations as a func-
tion of time at different initial concentrations the symbols are 
experimental values and dashed lines are the predicted values 
by fractal like kinetics model.
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the symbols are experimental values and dashed lines are the 
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3.3. Effect of NaOCl dosage

Inorganic chlorinated compounds are recognized as one 
of the strongest oxidative species which are used to degrade 
organic and other pollutants in water. Sodium hypochlorite 
can be stored and transported more easily and safely than 
several other oxidative materials [45]. For example, H2O2 as 
one of the oxidizing agents should be diluted during trans-
port, as a safety measure. While, for oxidation with hydro-
gen peroxide, high concentrations are required. Moreover, 
NaOCl is seen to be more economical and applicable ones 
when compared with other inorganic oxidants [44]. Hence, 
NaOCl was applied in this study to assess the effect of an 
oxidant on HC degradation of DR16. For this purpose, dif-
ferent concentrations of DR16/NaOCl molar ratio, ranging 
from 1:10 to 1:20, were tested. The experiments were per-
formed in conditions of pH 6.8 and DR16 concentration of 
20 ppm under UV irradiation. As can be seen in Fig. 4, the 
degradation efficiency of DR16 was found to increase with 
increase in concentration of NaOCl. As explained in the 
previous section, the enhancement of DR16 degradation 
can be caused by HOCl formation and also by generation 
of additional •OH radicals [38]. However, at the minimum 
DR16/NaOCl molar ratio (1:10), 68% of DR16 degradation 
was obtained. Also, about 88% DR16 was degraded at the 
maximum DR16/NaOCl molar ratio (1:20) within 30 min.

3.4. Effect of HC inlet pressure

Among the influencing parameters on the hydrody-
namic-cavitation-based degradation process, inlet pressure 
is perhaps the most important one. There is dependence 
between the inlet fluid pressure and the velocity at the throat; 
and the cavitating condition in the venture is affected by it 
[15]. Therefore, to obtain the maximum cavitational effect, 
optimization of inlet pressure is of paramount importance. 
In this study, the effect of inlet pressure on the degrada-
tion of DR16 was investigated by varying the pressure in 
the range of 1–5  bars. The experiments were conducted at 
the same operating condition (DR16 concentration, DR16/
NaOCl molar ratio, and the solution pH were 20 mg/L, 1:20, 
and 6.8, respectively) but different inlet pressure. The results 

(Fig. 5) show that with the increasing pressure to 5 bar, DR16 
degradation efficiency was increased. In fact, when the inlet 
pressure increased, flow rate in the main line (which housed 
the cavitating device) was increased. As a result, the liquid 
passes through the venture more times. With increasing 
the number of passes, the solution will experience the cav-
itating condition for longer duration [46]. Therefore, cavita-
tional yield and as a result DR16 degradation efficiency was 
increased. Similar results have been shown in other research. 
Saharan et al. [15] reported that the degradation of Acid Red 
88 increased with an increase in inlet pressure, reaching 
its maximum at 5 bar inlet pressure, and then decreased.

3.5. Synergistic effect study

As reported in many literature [47–50], by combining HC 
with other oxidants and AOPs, the ability of the process in 
generating •OH radicals is enhanced significantly. Here, the 
effect of HC combined with chemical oxidation processes, 
including NaOCl and UV irradiation, on DR16 degradation 
was investigated. However, when HC alone was applied, 
only 20% of DR16 degradation was obtained. However, to 
survey the combined effect of HC, NaOCl, and UV on DR16 
degradation, a series of experiments were conducted. The 
kinetics data for the studied methods was correlated by 
means of first order kinetics and fractal like kinetics equa-
tions and the results are listed in Table 5 (for fractal like kinet-
ics model) and Table S3 (for first order kinetics model). The 
best correlation coefficient was obtained using fractal like 
kinetics model (R2 > 99%). In accordance with experimental 
data, the tendency of fractal like rate coefficient was obtained 
as follow: UV < HC < HC + UV < NaOCl < UV + NaOCl < H
C  +  NaOCl  <  HC  +  UV  +  NaOCl. Moreover, the obtained 
value of α shows there are several paths for dye degradation. 
Several kinds of radicals are formed during the processes. 
Also, the processes themselves can directly degrade DR16. 
Therefore, it can be said that DR16 degraded in several ways.

3.5.1. HC + NaOCl effect

Sodium hypochlorite is a bleaching agent which com-
monly employed to treat wastewater. The combined process 
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of HC coupled with NaOCl was studied under experimental 
conditions of pH 6.8, DR16 concentration 20  ppm, NaOCl/
DR16 molar ratio of 20:1, and P  =  5.0  bars. However, the 
obtained results are illustrated in Fig. 6a. The results show 
that the individual use of NaOCl in the degradation of DR16 
was resulted in 66% of degradation. However, NaOCl will 
exhibit more efficiency in DR16 degradation when it is 
used in combination with HC. Moreover, from the obtained 
results, it can be concluded that using the hybrid process of 
HC and NaOCl increases the degradation rate (Fig. 6). The 
fractal like rate coefficient for individual NaOCl and HC 
processes were 0.28  1/minα and 0.05  1/minα, respectively. 
However, the rate coefficient was increased to 0.35  1/minα 
by the hybrid approach. On the basis of obtained fractal 
like kinetics rate coefficient, the synergistic index (F(HC+NaOCl)) 
was calculated by [Eq. (3)]:

F
k

k kHC NaOCl
HC NaOCl

HC NaOCl
�� �

�� ��
�

	 (3)

The obtained value was 1.41 which confirmed the syn-
ergism between HC and NaOCl. As mentioned before, in 
the studied pH range the dominant species of OCl– is HOCl. 
Also, HOCl can promote degradation efficiency through the 
following ways: sonolysis of undissociated HOCl in cavi-
tation bubble [43] and also producing more •OH radicals 

[43,44]. Therefore, it can be said that the synergetic effect 
between HC and NaOCl for the degradation of DR16 can 
be mainly attributed to the contribution of additional 
•OH radicals production [38].

Mancuso et al. [38] investigated the synergistic effect 
between HC and NaOCl in the degradation of RhB. The 
combined process of HC and NaOCl (at a concentration 
of 0.5  mg/L) increased the efficiency of RhB degradation 
by approximately 45%-50% after 260 passes (equivalent to 
169 min of operation time) compared to HC alone.

3.5.2. UV + NaOCl effect

Photolysis by direct UV irradiation is a promising tech-
nology for water disinfection. However, complete degra-
dation of organic pollutants and water treatment cannot be 
obtained when this method is used alone [44]. As shown in 
Fig. 6a, when the DR16 solution was treated using UV irra-
diation and after 30  min only 17% of DR16 was degraded. 
In fact, DR16 can be photolyzed directly by UV light. Also, 
UV irradiation leads to the production of dye radicals 
which are susceptible to further degradation [51]:

Dye Dye*� �h� 	 (4)

However, it is clear that UV radiation alone cannot effi-
ciently be applied to the degradation of DR16. There are 
several studies which attempted to combine UV irradia-
tion with other technologies to increase degradation effi-
cacy. Here, UV-NaClO photooxidation process was used to 
study how the hybridization of two oxidation technologies 
improves the results obtained by individual processes. DR16 
degradation efficiencies by different treatment methods 
(UV, NaOCl, and UV-NaClO) were shown in Fig. 6a. As can 
be seen, among these three processes the highest degrada-
tion efficiency was achieved for UV-NaClO process (about 
73% of degradation). This observation might be due to gen-
eration of more •OH radicals which are produced from H2O 
and HOCl photolysis. As mentioned in the previous section, 
OCl– is presented as HOCl at the pH of this experiment. It 
is well-known that photolysis of HOCl can generate OH 
radicals [Eq. (6)]. Furthermore, under UV irradiation, H2O 
is oxidized to OH radicals according to Eq. (5) [44,52,53]:

H O OH H2
h�� �� �� � 	 (5)

HClO OH Clh�� �� �� � 	 (6)

Moreover, the fractal like kinetics rate coefficients were 
(0.32 1/minα) for UV/NaOCl in UV (0.02  1/minα) for UV, 
and (0.28 1/minα) for NaOCl.

In order to survey the efficiency of the combined 
method (UV + NaOCl) the synergetic coefficient (F(UV+NaOCl)) 
was calculated based on Eq. (7):

F
k

k kUV NaOCl
UV NaOCl

UV NaOCl
�� �

�� ��
�

	 (7)

The calculated synergetic coefficient, 1.07, suggests a 
synergism between UV and NaOCl.
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3.5.3. HC + UV effect

The combined effect of UV photolysis and HC on DR16 
degradation was studied under experimental conditions 
of pH  =  6.8, 20  ppm of DR16, DR16/NaOCl molar ratio of 
1:20, and P  =  5.0 bars. The obtained results were shown in 
Fig. 6a. According to the results, 42% of DR16 degrada-
tion was achieved by using the combined treatment of 
UV + HC; whereas the degradation efficiencies obtained by 
the individual processes of UV and HC were 17% and 20%, 
respectively. However, the observed enhancement in DR16 
degradation (in the case of UV + HC) can be interpreted:

H2O2, which is formed during the cavitation process 
[Eqs. (8) and (9)], can be cleaved to •OH radicals from the 
individual processes of HC and UV are contributed in radi-
cals under UV radiation [Eq. (11)] [54]:

H O OH H2
HC� �� �� � 	 (8)

� �� �OH OH H O2 2 	 (9)

H O 2 OH2 2
UV� �� � 	 (10)

Moreover, the generated H2O2 can (oxidize) degrade 
DR16. Therefore, more number of hydroxyl radicals is 
available in combined treatment process.

The kinetics data were correlated to the studied kinetics 
models. However, the obtained fractal like rate coefficients 
were 0.02 1/minα, 0.05 1/minα, and 0.11 1/minα for UV, HC, 
and combined HC  +  UV, respectively. The fractal like rate 
coefficients were used to calculate the synergistic index 
according to Eq. (11):

F
k

k kHC UV
HC UV

HC UV
�� �

�� ��
�

	 (11)

The obtained value for synergistic index was 1.57 
which confirmed the synergism of HC with UV.

Cako et al. [55] investigated the effect of the hybridiza-
tion treatment approach of HC/UV on Brilliant Cresyl Blue 
degradation. They achieved a degradation extent of 34% 
using the combination of HC with UV irradiation, whereas 
only 10% and 22% degradation were obtained with the 
individual process of HC and UV, respectively.

3.5.4. HC + UV + NaOCl effect

The performance of the combination approach of HC, 
UV, and NaOCl was also surveyed for the degradation of 
DR16. The obtained results for the degradation of DR16 
over the treatment time are shown in Fig. 6a. As can be 
seen in this figure the combination of UV, HC, and NaOCl 
(DR16/NaOCl molar ratio of 1:20) resulted in 88% of DR16 
degradation which is the highest degradation efficiency 
amount among the tested processes. Moreover, fractal like 
rate coefficient for this process was found to be 0.41 1/minα. 
The synergetic effect of this process was calculated on the 
ground of Eq. (12):

F
k

k k kHC UV NaOCl
HC UV NaOCl

HC UV NaOCl
� �� �

� �� ��
� �

	 (12)

The obtained value of F(UV+HC+NaOCl), 1.17, shows that there 
is a synergism between UV, HC, and NaOCl. The observed 
synergism can be explained as follow: as mentioned above, 
each of UV, HC, and NaOCl was found to affect the degra-
dation process individually. Also, NaOCl can be dissoci-
ated under UV irradiation. Moreover, cavitational effects 
assist in intensifying the dissociation of NaOCl. Therefore, 
higher degradation was observed in the hybrid process of 
UV + HC + NaOCl.

As mentioned before, tab water is used in all experi-
ments. However, to investigate the effect of anions and water 
matrix, an experiment was performed with deionized water 
and the obtained results are present in Fig. S1. As can be 
seen in this figure when deionized water is used, the degra-
dation efficiency increased. This observation shows that the 
presence of ions in tap water can decrease the oxidant and 
subsequently the degradation efficiency.

Askarniya et al. [33] investigated decolorization of tar-
trazine, ponceau 4R, and coomassie, brilliant blue using 
hybrid process of HC-KPS-H2O2. A synergetic coefficient of 
2.51 was achieved by HC-KPS-H2O2 which proved the effec-
tiveness of the process.

Çalışkan et al. [56] studied the degradation of high 
concentrated azo dye solutions using an innovative hybrid 
process of HC and photocatalysis in a pilot reactor. They 
investigated HC, HC  +  photocatalyst, HC  +  UV processes 
for RR180 decolorization. They found that HC + photocata-
lyst exhibited better mineralization at an inlet pressure of 
5  bar compared to individual processes of HC. The syner-
getic coefficients for TOC and COD removal were found to 
be 1.17 and 1.48, respectively.

3.5.5. Comparison with other treatment of DR16

There are other processes which are used to degrade 
DR16. In this section, a comparison was provided between 
HC + NaOCl + UV process and some of other reported pro-
cess. The results are summarized in Table 6. In all of these 
studies deionized water was used as solvent. In compar-
ison with other methods, HC  +  NaOCl  +  UV process has 
several advantages:

•	 The degradation time in HC  +  NaOCl  +  UV process is 
much smaller than that of other reported processes.

Table 5
Fitted parameters of fractal like kinetics model for degradation 
of DR16 with different processes of HC, UV, NaOCl, HC + UV, 
HC + NaOCl, UV + NaOCl and HC + UV + NaOCl

Method kf (1/minα) α R2

HC 0.05 0.44 0.993
UV 0.02 0.63 0.988
NaOCl 0.28 0.40 0.999
HC + UV 0.11 0.47 0.997
HC + NaOCl 0.35 0.42 0.998
UV + NaOCl 0.32 0.42 0.995
HC + UV + NaOCl 0.41 0.48 0.999
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•	 More degradation efficiency was obtained using 
HC + NaOCl + UV process

•	 The degradation was carried out in semi-industrial scale
•	 The HC + NaOCl + UV process has economical advantage.

4. Conclusion

This work aimed at DR16 degradation based on the 
HC treatment process in combination with NaOCl and UV 
irradiation as a three simple, green and effective treatment 
methods. Compared to other treatment methods, they are 
favored due to their economic aspects, ease of use, scalabil-
ity, and promising results. It is found that combining HC 
with various AOPs is more effective than using each tech-
nique alone since the combination produces more OH– rad-
icals, which intensifies the degradation and mineralization. 
The HC + UV + NaOCl approach was found to be the most 
effective combination, and DR16 degradation of 88% was 
obtained by applying this method. At the same experimen-
tal conditions, HC, UV, NaOCl, HC + NaOCl, HC + UV, and 
NaOCl + UV were resulted in 20%, 17%, 66%, 77%, and 42% 
and of DR16 degradation, respectively. The degradation 
of the DR16 through HC process was increased with an 
increase in inlet pressure till 5.0 bar.

For DR16 degradation, fractal like rate coefficient of 
0.02  1/minα, 0.05  1/minα, 0.11  1/minα, 0.28  1/minα, 0.32  1/
minα, 0.35  1/minα, and 0.41  1/minα was obtained using 
UV, HC, HC + UV, NaOCl, UV + NaOCl, HC + NaOCl and 
HC + UV + NaOCl, respectively. Furthermore, based on the 
obtained values for α, it can be said that different pathways 
are involved in DR16 degradation. Moreover, a synergetic 
coefficient of 1.17, 1.57, 1.41, and 1.07 was achieved by the 
hybrid processes of HC + NaOCl + UV, HC + UV, HC + NaOCl, 
and NaOCl  +  UV, respectively. It is demonstrated that 
HC-UV-NaOCl is an environmental-friendly, simple to oper-
ate, and efficient method to degrade DR16 contaminated  
wastewater.
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Supporting information

Table S1
Fitted parameters of first order kinetics model for degradation 
of DR16 (at different initial concentration of DR16)

C0 (mg/L) k1 (1/min) R2

20 0.0805 0.8020
30 0.0680 0.7298
40 0.0603 0.7418

Table S2
Fitted parameters of first order kinetics model for degradation 
of DR16 at different pH

pH k1 (1/min) R2

3.8 0.0948 0.8068
4.8 0.0858 0.8109
5.8 0.0903 0.9516
6.8 0.0805 0.8020
7.8 0.0698 0.7930
8.8 0.0645 0.8196
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Table S3
Fitted parameters of first order kinetics model for degrada-
tion of DR16 at different experimental conditions (pH  =  6.8, 
DR16 dosage = 20 ppm, NaOCl dosage = 0.4 ml/L, P = 5 bar)

Method k1 (1/min) R2

HC 0.0087 0.7294
UV 0.0068 0.9703
NaOCl 0.0423 0.9225
HC + UV 0.0209 0.7787
HC + NaOCl 0.0581 0.7214
UV + NaOCl 0.0522 0.9259
HC + UV + NaOCl 0.0805 0.8020
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Fig. S1. Degradation of DR16 (solved in deionized water) at 
(pH = 6.8, DR16 dosage = 20 ppm, DR16/NaOCl molar ratio of 
1:20, P = 5 bar).


