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Abstract
Zinc oxide (ZnO) powder synthesized by microwave irradiation method was used 
as photocatalyst for optimization of the photocatalytic degradation conditions of 
Rhodamine B dye under UV irradiation. The structural, morphological and optical 
characterizations of elaborated ZnO were performed by infrared spectroscopy, UV 
spectroscopy, X-ray diffraction, scanning electron microscopy, energy dispersive 
X-ray spectroscopy and Bruner-Emmett-Teller surface area analysis. Plackett–
Burman design was first used to evaluate the effects of five parameters (initial dye 
concentration, contact time, lamp height, material dose and initial pH of the solution) 
on the photocatalytic degradation efficiency of the dye. The obtained results showed 
that contact time and initial dye concentration are the parameters that influence the 
photocatalytic degradation yield. The effects in decreasing order of the five factors 
were as follows: contact time (46.597) > initial dye concentration (− 29.149) > lamp 
height (−  8.419) > ZnO mass (7.263) > pH (1.0072). Subsequently, a central 
composite design for the two influencing parameters was performed to optimize 
the dye photodegradation process. It was found that the effect of contact time 
on the photodegradation efficiency was the highest, followed by the effect of 
initial dye concentration, and the interactions between initial dye concentration 
and contact time. The predicted and the experimental values were found to be in 
good agreement; the coefficient of determination value 0.996 and the adjusted 
coefficient of determination value 0.993 indicated that the model was significant. 
First‐order kinetic model successfully fitted the experimental data. The synthesized 
photocatalyst was found to be photostable during at least five regeneration cycles.
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Introduction

Textile dyes are among the most dangerous organic pollutants as they threaten 
water quality and the environment. They are used in many industrial sectors such 
as food, cosmetics, clinics, and particularly in the textile industries. The release of 
colored effluents into the environment is aesthetically unpleasant. These effluents 
inhibit light penetration, retard photosynthesis, inhibit the growth of aquatic life, 
and adversely affect the quality of receiving waterways [1, 2]. Approximately 
1–20% of the total global dye production is lost during the dyeing process and is 
released in the textile effluents [3]. Community health is seriously threatened by 
exposure to these chemicals. Contact with organic dyes can result in a number of 
negative health effects, including dermatitis, ulceration of the skin and mucous 
membranes, perforation of the nasal septum, severe respiratory tract irritation, 
vomiting, hemorrhage, pain, and sharp diarrhea [4].

Among the various synthetic dyes, Rhodamine B (Rh-B) stands out; it is 
frequently used in the textile industry to color cotton, silk, wool, and leather 
because of its excellent stability. Due to its widespread application, this dye 
is constantly present in aquatic resources [5, 6]. According to some studies, if 
this organic compound is disposed of improperly, it can have teratogenic and 
carcinogenic effects on organisms [7].

Therefore, efficient and environmentally friendly methods for the treatment of 
wastewater containing dyes are urgently required. Different techniques including 
biological and physicochemical techniques have been employed to remove dyes 
from wastewater. The aerobic and anaerobic biological treatment processes 
have certain limitations. Particularly, these techniques take a long time for 
operation and are highly sensitive to experimental conditions [8]. It has been 
also shown that a large number of organic compounds, particularly those that 
are hazardous or refractory, are extremely resistant to biological degradation [9, 
10]. Anaerobic oxidation, flocculation, adsorption, precipitation, reverse osmosis, 
and coagulation are examples of physicochemical processes that are not effective 
because these techniques employ chemicals which produce secondary pollution 
[11].

As an alternative, advanced oxidation processes (AOPs) are considered 
potential and promising techniques for the treatment of dye contaminated 
wastewater. The AOPs are more effective for the removal of organic pollutants in 
comparison to other chemical techniques. The AOPs include photolysis, Fenton 
processes, electrochemical oxidations and both homogeneous and heterogeneous 
chemical and photochemical processes. Since Honda and Fujishima [12] carried 
out the first photo-catalyzed AOP based on titanium-oxide  (TiO2) in 1972, 
heterogeneous photocatalysis using semiconductors oxides as photocatalysts had 
gained many concerns. These photocatalysis are irradiated with UV, near-UV, or 
visible light at ambient temperature and pressure and in the presence of oxygen. 
The heterogeneous photocatalysis process occurs with the absorption of light 
radiation of an energy (hν) greater than or equal to the bandgap energy of the 
photocatalyst (hν ≥  Eg) [13]. Photon absorption causes the excitation and transfer 
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of electrons  (e−) from the valence band to the conduction band, leading to the 
generation of holes  (h+) in the valence band. The second step is the separation 
and migration of charge carriers  (e− and  h+) to the catalyst surface. The highly 
reactive electrons and holes on the photocatalyst surface tend to perform oxidation 
and reduction reactions to produce hydroxyl radicals (.OH) and superoxide anion 
radicals ( O−.

2
 ). This technique has been successfully applied for wastewater 

treatment, and it is suitable to completely degrade organic pollutants [14]. Zinc 
oxide (ZnO) is a semiconductor widely used as a photocatalyst due to its low cost 
of procurement and good catalytic properties, wide band gap (3.37 eV), UV light 
sensitivity, and lack of toxicity [15, 16]. These fascinating properties explain its 
large application in heterogeneous photocatalysis.

The efficiency of dye photodegradation depends on a multitude of variables, 
including dye concentration, solution pH, catalyst dose, light intensity, and 
intermediate species [11]. The concentration of dyes greatly affects the 
photocatalytic performances. With an increase in initial concentration from 100 to 
400 mg/L, Adeel et al. found that photodegradation of methyl orange by Co–ZnO 
decreased from 77 to 42% [17]. The pH of dye solution also significantly affects 
the photodegradation performance. Siddique et al. have studied the effect of pH on 
Rhodamine B dye photodegradation over bismuth ferrite catalyst and they reported 
that the highest photodegradation was at neutral pH [18]. The degradation efficiency 
of pollutants increases with the increase of catalyst dose. Lu et al. have investigated 
the effect of the amount of CdS/graphene catalyst on the photodegradation of 
Rhodamine B dye, they observed that the increase of catalyst dose from 200 to 1800 
mg/L increased the photodegradation percentage from 49 to 86% [19]. The radiation 
source is a very important ingredient in the photocatalytic process and photon flux 
is a key factor in photochemical reactions [20]. Light intensity plays an important 
role in the degradation of pollutants due to its efficient role in the formation of large 
quantities of .OH radical [21]. Consequently, an increase in light intensity should 
lead to an increase in reaction rates [22]. However, as light intensity increases, its 
effect on reaction kinetics decreases so that its impact becomes negligible at high 
intensities [23].

Conventional experimental methodology involves setting the level of all variables 
except one, and measuring the system’s response to different values of that variable, 
which requires the experimenter to carry out a large number of experiments. To 
overcome this problem, Fisher [24, 25] proposed the design-of-experiments method 
for the first time, allowing to study several factors at the same time. The principle 
of experimental design is to vary the levels of all factors at the same time in each 
experiment. This greatly reduces the number of experiments to be carried out, and 
increases the number of factors studied. The design-of-experiments method aims to 
determine a relationship between the response, which is the physical quantity being 
studied, and the factors, which are physical quantities that can be modified by the 
experimenter and are expected to have an impact on variations in the response. There 
are currently a large number of different experimental designs, which can be divided 
into two main categories: designs to study the effects of parameters like Plackett and 
Burman design and designs for adjusting parameters to reach an optimum like Box-
Behnken, central composite and Taguchi designs.
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In this study, zinc oxide synthesized by microwave method was used as 
photocatalyst for the degradation of Rhodamine B under UV irradiation. First, the 
factors influencing the photodegradation process were determined using Plackett 
and Burman design (PBD). Then, a central composite design (CCD) was carried 
out to optimize the most significant variables influencing the photodegradation of 
Rhodamine B.

Materials and methods

Synthesis of ZnO powder

ZnO nanoparticles were prepared by a microwave-assisted method. In a 400 mL 
beaker, a solution of 0.1 M zinc acetate dihydrate (Zn(CH3COO)2⋅2H2O) was 
prepared. A solution of 1 M NaOH was added dropwise under constant stirring until 
a pH equal to 8 was obtained, then left under stirring for 5 min. After formation of 
a white precipitate, it was transferred to a 500 mL crystallizer and then irradiated 
with a Whirlpool domestic microwave at 680 Watts for 6 min. The resulting white 
precipitate was cooled to room temperature, centrifuged, washed with distilled water 
and ethanol several times and dried in an oven at 80 °C for 24 h.

The obtained ZnO powder was characterized by Fourier transform infrared 
(FTIR), UV–visible, X-ray diffraction (XRD), scanning electron microscopy (SEM), 
energy dispersive X-ray spectroscopy (EDS) and Bruner–Emmett–Teller (BET).

Rhodamine B photodegradation experiments and analysis

The photodegradation experiments were performed in a 400 mL cylindrical reactor. 
Stirring of the photocatalyst-dye mixture was provided by magnetic stirring. 
Before irradiation, the suspension was stirred in the dark for 30 min to establish the 
adsorption–desorption equilibrium. Irradiation was performed using a UV lamp of 
365 nm wavelength and a power of 125 W (Bailey UVHPR125).

For each experiment, a given amount of ZnO powder is contacted with 50 ml of 
a Rhodamine B solution of known pH and initial concentration. The desired initial 
pH of the solution was adjusted by adding a solution of hydrochloric acid HCl (0.1 
M) or sodium hydroxide NaOH (0.1 M). The stirring speed was kept constant during 
all the photodegradation process. After a well-defined contact time, the mixture 
was centrifuged, and the supernatant was analyzed by a Shimadzu UV-1601PC 
spectrophotometer (Japan) to determine the residual Rhodamine B concentration.

The degradation efficiency noted R was calculated using the following equation:

Here  Ao is the initial absorbance and  At is the absorbance of Rh-B solution after a 
certain irradiation time.

(1)R(%) =
(A0 − A

t
)

A0



2399

1 3

Reaction Kinetics, Mechanisms and Catalysis (2024) 137:2395–2414 

Design of experiments methodology

Plackett and Burman

Plackett and Burman design is a particular type of fractional factorial design, 
which is principally used to screen and evaluate the important parameters that 
appear to influence the selected response with a reduced number of experiments. 
The five parameters studied in this study along with their range of variation are 
reported in Table 1.

The PBD is based on a first-order model (Eq.  2) that does not describe any 
interaction between the parameters [26]:

Here R  is the experimental response (%), β0  is the model intercept, ßi is the 
linear coefficient and  xi is the level of the independent variable.

The parameters with probability value (p value) below 0.05, i.e., more than 
95% confidence level of all intervals, are thought about to have a significant effect 
on the photodegradation of Rhodamine B by zinc oxide, and by using CCD and 
response surface methodology (RSM), the significant independent parameters are 
optimized.

Central composite design

According to PBD results, a central composite design was performed in 
order to optimize the most significant variables  (tc et  C0) that influenced the 

(2)R(%) = β0 + βixi

Table 1  Factors studied and 
their levels in PBD

Factors Symbols Levels

− 1  + 1

pH of the solution X1 = pH 2 6
Photocatalyst mass (g) X2 = m 0.05 0.1
Initial dye concentration (mg/L) X3 =  C0 5 20
Contact time (min) X4 =  tc 10 50
UV Lamp height (cm) X5 = h 15 25

Table 2  Levels of factors in central composite design

Factors Symbols Levels

− α (− 1.414) − 1 0  + 1  + α (+ 1.414)

Initial dye concentration (mg/L) X1 =  C0 5.43 7.5 12.5 17.5 19.57
Contact time (min) X2 =  tc 8.79 15 30 45 51.21
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photodegradation of Rhodamine B by zinc oxide. Table  2 shows the two 
significant independent variables and their levels.

The mathematical relationship between the independent variables was expressed 
with a second-order polynomial model given in the equation below:

Here R is the predicted response, β0 is the intercept term, β1 and β2 are the 
linear coefficients, β11 and β22 are the quadratic coefficients, β12 is the interaction 
coefficient,  x1 and  x2 represents the independent variables.

The fitness of the polynomial model equation was evaluated by the coefficient 
of determination  R2 and adjusted  R2. The response was analyzed using analysis of 
variance (ANOVA) based on the p value with 95% of confidence level.

Modde 6 software was used for developing PBD for the screening of independent 
variables and for designing a CCD and RSM for optimization of significant 
independent parameters.

Photodegradation kinetics

The kinetic degradation of Rhodamine B in the presence of ZnO was realized by 
fixing the parameters at the center of the study domain (pH 4,  mZnO = 0.075 g, [Rh-
B]0 = 12.5 mg/L, h = 20 cm,  Vsolution = 50 mL). The results were analyzed using a 
first order kinetic model, this model assumes that the rate is proportional to the 
residual concentration of the pollutant in the solution. This model is given by the 
following equation:

Here  r1 is the catalytic degradation rate (mg  L−1min−1),  kapp is the apparent 
degradation constant  (min−1), [c] is the concentration of Rhodamine B (mg  L−1) and 
“t” is the reaction time (min).

Results and discussion

Characterization

Fourier transform infrared spectrum was collected using an IR Affinity-1S Shimadzu 
spectrometer in the region of 400–4000  cm−1 (Fig. 1a). The elongation vibrations of 
(-OH) group of adsorbed water molecules have been found at 3834, 3742 and 3480 
 cm−1 [27, 28]. The band located at 2345  cm−1 is due to the atmospheric  CO2 present 
in the instrument. Peaks at 1512 and 1651  cm−1 are attributed to the symmetric and 
asymmetric stretching of carboxylic groups of acetate attached to ZnO nanoparticles 
[29]. The absorption peaks at 663 and 478  cm−1 are associated to Zn–O stretching 
vibrations [30].

(3)R(%) = β0 + β1x1 + β2x2 + β11x
2
1
+ β22x

2
2
+ β12x1x2

(4)r1 = −
d[c]

[dt]
= kapp×[c]

1
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The resulting solid was characterized using X-ray powder diffraction (XRD) 
(Rigaku D/Max-kA X-ray diffractometer, CuKα radiation). XRD pattern of ZnO 
is shown in Fig.  1b. The observed peaks can be indexed to wurtzite ZnO. As 
clearly show in this figure all the diffraction peaks corresponding to (100), (002), 
(101), (102) and (110) planes can be assigned to hexagonal wurtzite structured 
ZnO according to the norm (JCPDS card No. 01- 079 - 0207). The spectrum is in 
accordance with those reported for ZnO prepared using different methods [31, 32].

The UV–Visible absorption spectrum was performed to study the optical 
properties of ZnO which play an important role in photocatalysis. It was recorded 
by Shimadzu UV-1601C spectrophotometer in the wavelength range 200–800 nm. 
Fig.  1c shows that ZnO powder presents an absorption peak in the UV region at 
373 nm assigned to the intrinsic gap absorption of ZnO. Except for the defined 
absorption peak; no other peaks were observed, confirming that the synthesized 
product consisted only of ZnO [33].

The band gap energy of the catalyst was calculated using the Tauc equation:

(5)(αhν)n = B(hν − Eg)

Fig. 1  (a) Infrared spectrum of ZnO powder, (b) X-ray diffraction spectrum of ZnO, (c) UV–visible 
absorption spectrum of ZnO nanostructures, (d) band gap of ZnO nanostructure using Tauc equation
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Here “Eg” is the band gap energy, B is a constant, ν is the frequency of the 
incident radiation, h is the Planck’s constant, α is the absorption coefficient and n 
is determined by the type of optical transition of a semiconductor (n equal to 2 for 
direct transition band gaps). Band gap energy of ZnO was determined by extrapo-
lating the linear region of (αhν)2 vs hν on the x-axis [34]. Fig. 1d shows that the 
gap energy of ZnO is 3.09 eV, namely slightly lower than the value of bulk ZnO 
which is 3.37 eV [35]. This can be attributed to the presence of oxygen vacancies 
or/and defects at the surface of ZnO nanocrystals [36, 37]. A similar result was 
found by Cao et al. [38] and Sarma et al. [39].

The morphology and the surface elemental composition of the photocatalyst 
were obtained using a JEOL 6700 F scanning electronic microscopy equipped 
with an energy dispersive X-ray analyzer. The SEM image of the synthesized 
material is shown in Fig.  2a. The results revealed that the ZnO powder can be 
clearly distinguished as individual particles with no agglomeration. The figure 
shows micro-sized hexagonal ZnO rods, which had an average length of 0.1–100 
µm and diameter of 0.1–0.5 µm. The EDX spectrum (Fig. 2b) demonstrates that 
the catalyst consisted mainly of zinc, oxygen and residual carbon. The table in 
Fig. 2b gives the percentage of each constituent element.

Textural properties were obtained by nitrogen adsorption–desorption isotherms 
at room temperature on a Nova 2000e. Specific surface area was determined 
according to the Bruner–Emmett–Teller (BET) method. According to Fig. S1, 
the isotherm can be identified as type IV (IUPAC classification), which reflected 
the mesoporous nature of the material [16] and corresponding to a capillary 

Element Wt 
(%) 

At 
(%) 

Zinc 79,62 48.57
Oxygen 19,65 48.98
Carbon 0.74 2.44

Total : 100

(b)(a)

Fig. 2  (a) Scanning electron microscopy image of ZnO NPs, (b) Energy dispersive X-ray spectrum of 
ZnO sample

Table 3  Surface properties of 
ZnO nanoparticles

Properties Values

Specific surface area  (SBET)  (m2/g) 1.936
Total pore volume  (cm3/g) 0.012
Pore diameter (Å) 20.710
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condensation [40]. The specific surface area, total pore volume and pore diameter 
of ZnO are given in Table 3.

Determination of the influencing parameters

The response studied was the degradation efficiency of Rhodamine B by ZnO. The 
experimental results obtained are reported in Table 4. In the studied experimental 
domain, the degradation efficiency varied from 13.55 to 93.15%. This large variation 
indicates that at least one factor had an influence on Rhodamine B photodegradation 
by ZnO.

Statistical analysis of results is given in Table 5, it includes model coefficients, 
standard error and probability value for each factor. The coefficients of pH, mass 
and contact time were positive. Therefore, their influence was positive on the 
degradation of Rhodamine B. The coefficients of the concentration and the height 
of the lamp were negative. Consequently, these parameters influenced negatively the 
process of photodegradation.

Table 4  Experimental results of photodegradation of Rhodamine B by ZnO obtained with PBD

Essay Parameters in coded values Parameters in real values Rexp (%) Rcal
(%)

pH m C0 tc h pH m C0 tc h

1  + 1  + 1  + 1 − 1  + 1 6 0.1 20 10 25 13.55 15.02
2 − 1  + 1  + 1  + 1 − 1 2 0.1 20 50 15 75.06 69.03
3 − 1 − 1  + 1  + 1  + 1 2 0.05 20 50 25 47.31 53.34
4  + 1 − 1 − 1  + 1  + 1 6 0.05 5 50 25 89.53 83.49
5 − 1  + 1 − 1 − 1  + 1 2 0.1 5 10 25 44.63 43.16
6  + 1 − 1  + 1 − 1 − 1 6 0.05 20 10 15 17.64 16.17
7  + 1  + 1 − 1  + 1 − 1 6 0.1 5 50 15 93.15 99.18
8 − 1 − 1 − 1 − 1 − 1 2 0.05 5 10 15 42.85 44.32
9 0 0 0 0 0 4 0.075 12.5 30 20 49.75 52.96
10 0 0 0 0 0 4 0.075 12.5 30 20 52.08 52.96
11 0 0 0 0 0 4 0.075 12.5 30 20 51.41 52.96

Table 5  Statistical analysis of 
the experimental results of Rh-B 
degradation obtained with PBD

Factors Coefficients Standard error p value

Constant 52.7649 1.7619 7.79 ×  10−7

pH 0.5036 2.0661 0.8171
m 3.6315 2.0661 0.1391
C − 14.5749 2.0661 0.00088
tc 23.2986 2.0661 9.58 ×  10−5

h − 4.2098 2.0661 0.09717



2404 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:2395–2414

1 3

For a 5% risk, contact time and initial dye concentration were the factors that 
influence the photodegradation of Rhodamine B by ZnO. The contact time with a 
probability of 9.58.  10–5 was the most influential factor. By choosing a risk of 10%, 
the height of the lamp negatively influenced the photodegradation process.

The graphical representation of the effects of the factors is given by Fig. 3. As 
shown in this figure, the effect of the contact time on the photodegradation efficiency 
(46.597) was the highest. It was followed by the effects of initial dye concentration 
(− 29.149), lamp height (− 8.419), ZnO mass (7.263) and pH (1.0072).

The mathematical model as a function of all factors in coded variables is written 
as:

with a relatively high coefficient of determination, equal to 0.974.

Central composite design (CCD)

The above Plackett and Burman design (PBD) study showed that the factors 
influencing the photodegradation process of Rhodamine B by ZnO were the initial 
dye concentration and contact time. A central composite design (CCD) was then 
considered to investigate the individual and interaction effects of these factors on the 
response. The coded and real values of the initial dye concentration and the contact 
time of the central composite design matrix in 11 experimental runs are presented in 
Table 6.

The results of the statistical analysis are summarized in Table  7. The p values 
of the model terms can be used to control the significance of the terms; they are 
significant when their p values are less than 0.05. As seen from this table, initial 

(6)
R = 52, 7649 + 0, 5036X1 + 3, 6315X2 − 14, 5749X3 + 23, 2986X4 − 4, 20981X5

Fig. 3  Plackett and Burman design/ Graphical study of the effects



2405

1 3

Reaction Kinetics, Mechanisms and Catalysis (2024) 137:2395–2414 

dye concentration, contact time, the quadratic terms of initial dye concentration and 
contact time, and the interaction  C0–tc had significant effects on the photodegrada-
tion of Rhodamine B dye by ZnO under UV irradiation. The coefficients of contact 
time and quadratic term of initial dye concentration were positive, showing a posi-
tive impact on the degradation of Rhodamine B. On the other hand, the coefficients 
of the initial concentration, quadratic term of contact time and the interaction  C0–tc 
were negative, showing a negative influence on the degradation process.

The value of the correlation coefficient value  (R2 = 0.996) indicated the high 
correlation between the experimental results and predicted values. The adj-R2 value 
was found to be 0.993 and this value was found to be compatible with the  R2 value.

The second order quadratic equation which represented the Rhodamine dye 
removal (R) as a function of initial dye concentration  (x1) and contact time  (x2) in 
coded variables can be written as:

(7)
R = 51.0805 − 12.3692x1 + 15.188x2 + 3.55697x2

1
− 1.73768x2

2
− 5.44875x1x2

Table 6  Experimental design and obtained results with CCD

Essay Coded values Real values Rexp (%) Rcal (%) Residual

C tc C tc

1 − 1 − 1 7.5 15 44.64 44.63 0.01
2 1 − 1 17.5 15 31.97 30.79 1.18
3 − 1 1 7.5 45 86.42 85.91 0.51
4 1 1 17.5 45 51.95 50.27 1.68
5 − 1.414 0 5.43 30 75.66 75.68 − 0.02
6 1.414 0 19.57 30 39.02 40.70 − 1.67
7 0 − 1.414 12.5 8.79 25.64 26.13 − 0.49
8 0 1.414 12.5 51.21 67.88 69.08 − 1.20
9 0 0 12.5 30 49.75 51.08 − 1.33
10 0 0 12.5 30 52.08 51.08 1.00
11 0 0 12.5 30 51.41 51.08 0.33

Table 7  Statistical analysis 
of the experimental results 
obtained with CCD

Factors Coefficients Standard error p value

Constant 51.0805 0.8905 3.04696 ×  10−8

C0 − 12.3692 0.5454 3.098 ×  10−6

tc 15.1880 0.5454 1.11768 ×  10−6

C0*C0 3.5570 0.6492 0.00276132
tc*tc − 1.7377 0.6492 0.0439995
C0*tc − 5.4488 0.7712 0.000878513
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The graphical representation of the effects of the factors and interactions is 
displayed in Fig. S2. This figure clearly shows that the effect of contact time 
(30.376) on photodegradation efficiency was the highest, followed by the effects of 
initial Rhodamine B concentration (− 24.738),  C0–tc interaction (− 10.897),  C0–C0 
interaction (7.114) and  tc–tc interaction (− 3.475). This result confirms the previous 
finding, i.e. photodegradation efficiency increases with increasing irradiation 
time and decreases with increasing initial dye concentration of Rhodamine B. 
It could be concluded that treatment of samples containing low concentrations of 
Rhodamine B necessitates shorter irradiation times and, thus, lower energy. At high 
Rh-B concentration levels, the activity is less because more molecules blanket the 
photocatalyst’s active sites, interrupting light intensity, and consequently decreasing 
photodegradation efficiency [41, 42].

The model adequacy can be judged using diagnostic graphs such as the predicted 
versus experimental values plot. Fig. S3 shows the graph of observed data for the 
removal efficiency of the Rhodamine B dye versus the values predicted using the 
model. The coefficient of determination was equal to 0.996, indicating a linear 
relationship between the predicted and observed values.

The results of the experimental design studied for the degradation of Rhoda-
mine B by ZnO yielded the response surfaces and contours are shown in Fig. 4. The 
exploitation of the graphs allows the visualization and determination of the optimal 
conditions for the degradation in the defined study domain. By setting the level of an 
independent variable at the center of the experimental domain, it is possible to fol-
low the evolution of the other two variables and their influence on the degradation 
performance. This figure illustrates the effect of the initial concentration of Rhoda-
mine B and the contact time on the photodegradation efficiency. It clearly shows that 
the optimal yields were obtained for high values of contact time and low values of 
concentration. It can be seen that the higher the contact time, the better the photo-
degradation yield obtained. In contrast to the contact time, the higher the initial dye 

Fig. 4  Contours and response surfaces of Rh-B photodegradation by ZnO: Effect of initial Rhodamine B 
concentration and contact time (pH 4,  m(ZnO) = 0.075 g, h = 20 cm,  Vsolution = 50 mL)
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concentration, the lower the yield. The maximum dye removal was found at the low-
est dye concentration of 7.5 mg/L and contact time of 45 min.

The decrease of the performance of the photocatalytic degradation of Rhodamine 
dye by ZnO with the increase of the initial concentration can be attributed to the 
decrease of the ratio of the active sites of the photocatalyst to the dye molecules, to 
the absorption of light rather than its penetration to the surface of the catalyst and to 
the decrease of the ratio of .OH radicals to dye molecules [11].

Kinetic study

The evolution of the UV–visible absorption spectrum of Rhodamine B as a function 
of irradiation time with UV light in the presence of the ZnO catalyst is shown in 
Fig. S4. It can be seen that the intensity of the peak at 554 nm characterizing the 
Rhodamine B dye decreased with the irradiation time.

Fig. 5 shows the results of photolysis and photocatalysis of Rh-B. It shows that 
the discoloration by photolysis under UV light was low, with only 9% removal after 
180 min; while, in the presence of the photocatalyst suspension, Rhodamine B was 
almost completely removed, with about 99% discoloration.

The dye degradation rate was determined by fitting the experimental data by 
the pseudo-first order kinetic model. The value of the rate constant was deter-
mined using nonlinear regression (Fig. 6). As shown in this figure, a single expo-
nential decay function fits well the experimental data points of  Ct against t with 
 R2 value equal to 0.995, indicating the validity of the pseudo-first order kinetic to 
the photodegradation of Rh-B by ZnO nanoparticles. This result indicates that the 
rate of heterogeneous photocatalytic degradation of Rh-B is proportional to the 
fraction of the catalyst surface covered by the synthetic dye [43]. The apparent 

Fig. 5  Rhodamine B degradation as a function of irradiation time in the absence and presence of ZnO 
(pH 4,  m(ZnO) = 0.15 g, [Rh-B]0 = 12.5 mg/L, h = 20 cm,  Vsolution = 100 mL)
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degradation constant  (kapp) was found to be 0.017  min−1. This result is in agree-
ment with the related literature dealing with the photodegradation of Rhodamine 
B by different catalysts [32, 44, 45].

The photocatalytic reaction typically involves photoexcitation, charge 
separation and migration, and surface redox reactions [46]. The reactive 
species generated during photocatalyst illumination are holes  (h+), hydroxyl 
radicals (.OH), superoxide radicals ( O−.

2
 ) and electrons  (e−). To understand the 

mechanism of Rh-B degradation by ZnO under UV irradiation, it is necessary 
to detect the reactive species that play a major role in the photocatalytic 
degradation process. To achieve this, we added tert-butyl alcohol (TBA), ascorbic 
acid (AA), ammonium oxalate (AO) and potassium dichromate  (K2Cr2O7) to 
scavenge hydroxyl radicals, superoxide radicals, holes and electrons [47, 48]. For 
comparison purpose, another experiment was performed without scavenger (NS).

Fig. 7 displays the photocatalytic results when four different scavengers were 
added. The figure shows that 99% degradation of Rh-B was found in the absence 
of any scavenger, while 90% degradation was found with OA. This indicates 
that holes played a minor role in the degradation process. It was also observed 
that by using  K2Cr2O7, AA and TBA as scavengers, the photocatalytic efficiency 
decreased from 99% (no scavenger) to 76.72%  (e−), 65.22% ( O−.

2
 ) and 51.43% 

(.OH). Hence, it is concluded that electrons, hydroxyl and superoxide radicals 
contribute significantly in the photodegradation process. Furthermore, .OH is the 
predominant reactive specie since significant decrease in photocatalytic activity 
was obtained when TBA was used as a scavenger.

The possible mechanism for degradation of Rh-B by ZnO can be proposed as 
follows:

Fig. 6  The non-Linear plot for the pseudo-first kinetic model for the Rhodamine B degradation by ZnO 
(pH 4, m(ZnO) = 0.15g, [Rh-B]0 = 12.5 mg/L, h = 20 cm,  Vsolution = 100 mL)
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Photocatalyst stability

The economic efficiency of a photocatalytic reaction is highly dependent on the 
number of times a catalyst can be reused without significant loss of photocatalytic 
efficiency [49]. Catalyst stability is also an important factor in photocatalysis; 
regeneration of nanoparticles is important for their environmental and industrial 
applications [50].

To explore the reusability of the synthesized ZnO photocatalyst, photodegra-
dation experiments were repeated several times and the results are shown in Fig. 8. 
In these tests, the same catalyst was reused several times with Rhodamine B. The 
experimental results show that the photocatalytic activity of ZnO did not decrease 
significantly after five successive degradation cycles, showing the stability of the 
material during the photodegradation process.

(8)ZnO + hν(UV) → ZnO
(

h+
BV

+ e−
BC

)

(9)h+
BV

+ OH−
→

.OH

(10)e−
BC

+ O2 → O−.
2

(11)Rh − B +
[

.OH + O−.
2

]

→ degraded products
(

CO2 + H2O
)

Fig. 7  Effect of various scavengers: TBA (0.65 mM), AA (1 mM), AO (1mM) and  K2Cr2O7 (1 mM) on 
the degradation of Rh-B by ZnO under UV light irradiation (pH 4,  m(ZnO) = 0.15 g, [Rh-B]0 = 12.5 mg/L, 
 tirradiation = 180 min, h = 20 cm,  Vsolution = 100 mL)
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Conclusion

In this work, the photocatalytic degradation of a textile dye, Rhodamine B, was 
investigated using as semiconductor zinc oxide synthesized by the microwave 
method. The formation of pure ZnO was confirmed by XRD, FTIR, EDX 
and UV–vis spectroscopy. The screening of five factors including initial dye 
concentration, contact time, lamp height, material dose and initial pH of the 
solution by Plackett and Burman’s design showed that the initial dye concentration 
and the contact time had a significant influence on the photodegradation process. 
The application of a central composite design showed that the interaction of 
initial dye concentration and contact time had a weak effect compared to the 
effects of contact time and initial dye concentration. The degradation efficiency, 
based on the coded factor variables  (x1 for initial dye concentration and  x2 for 
contact time), can be expressed by the following equation:

The photodegradation kinetic of Rhodamine B by ZnO was accurately 
described by the pseudo-first order model. ZnO nanoparticles were successfully 
recycled over five cycles, showing its stability during the photodegradation 
process.
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