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A B S T R A C T

A catalyst of ZnO nanoparticles was used in the photocatalytic process of treatment for potential use towards
catechol degradation in an aqueous solution. The investigation of the characterization was carried out using
TEM, SEM, XRD, and FT-IR techniques, which indicated that the catalyst of ZnO nanoparticles possesses unique
catalytical features related to the surface morphology, structure, and functional groups. The efficiency of de-
gradation was put to the test in relation to the variation of several experimental parameters including: pH
(3–11); dose nanoparticles (0.2–0.25 g/L); reaction time (15–120min); initial concentration (10–200mg/L), and
intensity of UV radiation (8–40W). These aforementioned parameters were optimized and examined for the
influence that they exerted on the efficiency of degradation which involved the usage of the Box-Behnken design
methodology. According to the ANOVA results that yielded a confidence level of 95%, a high regression along
with fitting values were obtained between the results of the experimental degradation of catechol and the
predicted quadratic model. The kinetic study revealed that the data on experimental degradation could be de-
scribed by using the Langmuir-Hinshelwood expression, which showed high precision values of the coefficient of
regression. The optimum efficiency of degradation of 69.8% was achieved at optimized experimental conditions
of pH=3, a dosage of ZnO nanoparticles equal to 0.24 g/L, a reaction time of 98min, with an initial con-
centration of catechol of 74mg/L, and with the intensity of UV radiation equal to 40W. Thus, the present study
indicated that a catalyst of ZnO nanoparticles has a high practical utility, and exhibits good performance as a
catalyst for degradation of catechol in a photocatalytic process.

1. Introduction

Environmental hazards relating to the pollution of global water
resources as a result of discharge of several hazardous phenolic com-
pounds has been proved to be a critical and life-threatening issue in
many countries, especially when these water resources were the only
available sources of drinking water for the population. This dangerous
situation is caused by organic chemicals that have a high affinity to-
wards transforming into carcinogenic disinfection byproducts, espe-
cially during the process of chlorination of water or wastewater [1–4].
Furthermore, color, taste, and odor are the three most common pro-
blems that are caused by high concentrations of organic matters such as

phenols in water [5–8]. Moreover, heavy metals, which are known to be
dangerous and carcinogenic, may combine with the organic matter
present in water leading to their transportation and mixing into the
water resources. Besides these drawbacks, the organic material itself
may form biofilms within the water distribution network pipelines [9].

Catechol (1,2-Dihydroxybenzene) is one among the most highly
toxic phenolic compounds, which is used as an antiseptic. This com-
pound also has the ability to enter the paper, photography, and leather
industries [10–12]. Furthermore, catechol compounds have been de-
tected in elevated concentrations in the effluents from petrochemical
refineries, steel mills, and pharmaceutical factories. The metabolism
that human bodies undergo owing to acute or chronic catechol
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exposure can cause several serious health issues, like: irritation of the
eyes and skin; neurological and respiratory tract diseases; genetic mu-
tation; and have even been known to result in death in some cases
[10,13]. According to the US EPA and WHO standards, the maximum
allowable concentration of phenol and the compounds of its subclasses
contained in industrial wastewater effluents and drinking water should
not exceed 1mg/L and 0.1 μg/L, respectively [13–18].

Various advanced methods of water treatment were suggested for
elimination and degradation of phenolic compounds from wastewater
prior to being discharged in the aquatic environment [19,20]. Among
such methods, adsorption; electrocoagulation; biodegradation; mem-
brane techniques; and advanced oxidation processes, have been ex-
tensively applied for this purpose [13,21–23]. The photocatalytic pro-
cess is one of the advanced oxidation processes that is currently widely
used in the tertiary treatment units for the degradation of a wide range
of organic matter that is loaded in wastewater. The basis of this process
involves the application of UV radiation for the production and reaction
of free radicals hydroxyl as an oxidant agent with the presence of metal
oxide ions as a metal catalyst (semiconductors) to produce the strong
degradation agent, OH% [24–27]. The final products of these processes
are water and CO2 gas [12,13]. Recently, several natural and artificial
low cost materials were applied as a metal catalyst [28,29]. Indeed, the
science of nanotechnology opened new avenues in many engineering
fields, especially in the synthesizing and utilization of nanoparticles as a
catalyst to break up hazardous pollutants that get loaded into water and
wastewater. For example, ZnO nanoparticles are one of the most fre-
quently suggested nanomaterials to be employed as a catalyst in pho-
tocatalytic reactions. The main advantages of ZnO nanoparticles when
compared with other catalyst materials include absorption of a wide
spectrum of electromagnetic waves, availability, low cost, nonvolatility,
lack of toxicity, capacity for high absorption, and have high chemical
stability and reactivity [30,31]. In addition to all these, this material
has an adjustable morphology and properties of chemical stability [20].
It is insoluble in water, therefore, surface morphology is controlled,
particle size, and crystalline structure can be achieved [32,33].
Therefore, we speculated, which is the aim of this work, that ZnO na-
noparticles could turn out to be a practical catalyst material for removal
of catechol from any aquatic medium using the photocatalytic de-
gradation method of treatment.

During the exposure of the semiconductors (ZnO nanoparticles in
the present study) to UV radiation in the photocatalytic processes, the
semiconductor photons get excited and their energy will be equal to, or
greater than, the ground state. These excited electrons have a tendency
to revert quickly to the ground state energy while simultaneously
emitting photons. Ultimately, the photons emitted produce a radical
hydroxyl which enhances the process of degradation of pollutants. The
chemical reactions given by Eqs. (1) to (6) show the mechanism of this
phenomenon [26].

+ + +ZnO hv e hcb (1)

+ ++ZnO h OH OH ZnO( ) (2)

+ +ZnO e O O ZnO( ) 2 2 (3)

+ +O H OOH2 (4)

+ + ++OOH O H O H O2 2 2 (5)

+ + ++O H O OH OH O2 2 2 (6)

Owing to the fact that the chemical and physical specifications of
both catalyst particles and pollutant molecules vary significantly de-
pending on the surrounding environment, leading to the investigation
into the degradation of the efficiency of the pollutant in the photo-
catalytic process, this requires to be tested and optimized under dif-
ferent environmental conditions [34]. The Box-Behnken design meth-
odology is the most commonly used method in the application of
surface methodology response [35,36]. This advanced statistical tool

was proved to be a popular, easy, and efficient expression design tool,
which was put to practical use by several studies for modeling and
optimizing the values of the process parameters [35,37,38]. This is
owing to the fact that this methodology possesses several advantages as
this technique is considered to be rapid and needs only a short duration
of time to execute the optimization process compared with the other
methods. Consequently, the number of experimental tests required
identifying the degree of interaction of multiple factors and their effects
in a system can be reduced. Normally, the Box-Behnken methodology
(partly from Response Surface Methodologies) is applied when only a
few experimental parameters are involved in the process [38,39].

On the basis of our knowledge, there have been none, or very few
papers that have discussed using ZnO nanoparticles as a catalyst in a
photocatalytic advanced oxidation process for the purpose of elimina-
tion of catechol from aqueous solutions. Besides, a limited number of
studies have been conducted to examine the effects of optimization of
the experimental parameters in this advanced method of treatment.
Therefore, the present study was documented with the aim of in-
vestigating into the degradation efficiency of catechol using ZnO na-
noparticles as a catalyst in a photocatalytic reactor. Additionally, the
effects of several experimental parameters on the degradation efficiency
of catechol were studied and optimized using the Box-Behnken ex-
perimental design methodology. The studied parameters are: pH; ZnO
nanoparticles dose; reaction time; initial concentration; and intensity of
UV radiation, where the highest and lowest limits of these parameters
have been chosen depending on the limitations and conditions of most
photocatalytic processes arising from the nature and properties of most
of the water and wastewater in the environment [16,28,36,40].

2. Materials and methods

2.1. Chemicals and apparatus

A quantity of 0.5 kg analytical grade high purity catechol powder
(chemical formula: C6H4(OH)2; purity: ≥99%, with molecular weight
of 110.11 g/mol) was purchased from Sigma-Aldrich (Germany).
Further, the stock catechol solution (concentration of 1000mg/L) was
prepared in the laboratory by dilution of an appropriate amount of
catechol powder with deionized water. Thereafter, all working solu-
tions at the desired concentrations were also prepared via dilution of
the stock solution by using deionized water. All the experimental
samples were analyzed with the purpose of finding out the concentra-
tion of catechol by using spectrophotometric equipment (model LUV-
100, Japan) at a wavelength of 285 nm. Additionally, the pH values
were regulated throughout the experimental work by using 1.0 N of HCl
and NaOH solutions by using a pH meter (Denver Instrument, Model:
UB-10). The mixing process of the working solutions was carried out
with the use of a magnetic shaker (model Alpha D500).

2.2. Catalyst characterization

The ZnO nanoparticles which were utilized as the metal catalyst
material in the present study, was sourced from Sigma-Aldrich (USA)
(particle size< 100 nm; surface area=25m2/g; and pore volume
range from 0.68 to 0.78 cm3/g). The crystalline structure was examined
by using an X-Ray diffractometer (XRD) (Model: D500, Siemens com-
pany, Germany), equipped with a high-power Cu Kα radiation source
(1.54056 Å wavelength), that was generated at the rate of 40 kV/
40mA, in which all the XRD patterns of ZnO were collected in the 2θ
range of 15° and 80°, with a step width of 0.02°, and a scan rate of 1°/s.
A transmission electron microscopy (TEM) image was taken by using a
Philips CM30 Scanning Transmission Electron Microscope (Philips
CM30, The Netherlands). Also, a scanning electron microscopy (SEM)
image was captured using a TESCAN BRNO-Mira3 scanning microscope
(Germany), in order to record the surface morphology characteristics of
ZnO nanoparticles. A Perkin Elmer FT-IR spectroscopy instrument
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(USA) was used to analyze the functional groups of samples of ZnO
nanoparticles within the 500–4000 1/cm wavenumbers region.
Moreover, the ZnO nanoparticles were characterized by pH of zero
point of charge (pHzpc) in a manner similar to that described by [41].

2.3. Experimental work and photocatalytic reactor

The experimental work was conducted in a system of batches using
a series of 500mL flasks at the following stable conditions: 200mL of
catechol solution, laboratory temperature, agitation speed of 500 rpm.
The photocatalytic reaction of catechol with ZnO nanoparticles catalyst
was performed by the photochemical reactor using a UV illumination
lamp (Toshiba, Japan) as depicted in Fig. 1. Additionally, the variation
of the degradation efficiency of catechol was examined experimentally
by using the variation of the parameters via pH (3, 7, 11), dosage of
ZnO nanoparticles (0.2, 0.225, 25 g/L), initial concentration of catechol
(10, 105, 200mg/L), reaction time (15, 67.5, 120min), and UV ra-
diation intensity (8, 24, 48 w). At specific time intervals during each
test, aliquots of 3mL from each solution were taken, filtered, cen-
trifuged, and then tested for the remaining catechol concentration using
a UV/VIS spectrometer (T80+, PG Instrument Ltd., UK). Pre-
dominantly, samples taken were analyzed in triplicate, thereby de-
termining the average results. Furthermore, the results obtained from
the effects of the reaction time were employed for the kinetic study. The
percentage of degraded catechol (%Degradation) by the photocatalytic
process was calculated using Eq. (7) [42].

= ×Degradation C C
C

% ( ) 100o t

o (7)

where %Degradation is the actual degradation efficiency of the catechol,
C0 (mg/L) and Ce (mg/L) are the initial and non-degraded concentra-
tions of the catechol, respectively.

2.4. Statistical analysis using Box-Behnken methodology

In the current study, the Box-Behnken experimental design metho-
dology was applied in order to investigate the effects on the degrada-
tion process, and to optimize: pH (A); dose of ZnO nanoparticles (B);
initial catechol concentration (C); reaction time (D); and UV radiation
(E). The employment of the Box-Behnken experimental design metho-
dology provides a mathematical relationship between factors and the
experimental results that can be fitted to a second-order polynomial
model as the equation [35–37]. Consequently, Eq. (8) is suggested for
developing a mathematical correlation between the degradation

efficiency of catechol (%Predicted Removal) and the selected five in-
dependent parameters [43]. This equation is very helpful in evaluating
the effects and finding the optimum values of five selected experimental
parameters on the degradation efficiency of cephalexin.

= + + + + + +

+ + + + +

+ + + + +

+ + + +
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17
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2
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2
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2 (8)

where β0 is the zero-order constant; β1 to β10 are the first-order main
effect constants, and β11 to β20 are the second-order main effect con-
stants of the regression equation. These constants were determined by
employing the Design-Expert Software (Version VII).

Notably, the quality and goodness of the proposed model (Eq. (8)),
the coefficient of determination (R2), and adjusted coefficient of de-
termination (R2Adjusted), were determined. Besides this, the normal dis-
tribution of the residuals and the plot of actual values versus predicted
values, were employed. Analysis of variance (ANOVA) was applied as a
method of statistical analysis of responses, where the probability cri-
tical level (p-value) of 0.05 was considered to reflect the statistical
significance of the parameters of the proposed model. The range and
levels of the factors based on experimental design are presented in
Table 1.

3. Results and discussion

3.1. Characteristic of ZnO nanoparticles

Fig. 2 depicts high-resolution TEM and SEM images of a ZnO

(a) (b) 

Fig. 1. Experimental set (a), and schematic diagram (b) of the photocatalytic reactor used.

Table 1
Variables, levels of design experiments, and Box-Behnken Design (5 factors, 10
central points, and 50 runs).

Variable Code Range and level

Low level
(−1)

Central point
(0)

High level
(+1)

pH A 3 7 11
ZnO nanoparticles dosage (g/

L)
B 0.2 0.225 0.25

Initial catechol conc. (mg/L) C 10 105 200
Reaction time (min) D 15 67.5 120
UV radiation intensity (W) E 8 24 40
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sample. It was apparent from the TEM image (Fig. 2a) that this material
has irregularly shaped particles, nearly most of which are spherical,
with an average size< 100 nm, confirming the nano size of the pur-
chased ZnO nanoparticles. Also, this image showed that these nano-
particles are mono-dispersed and thus, their agglomeration is low. This
is a positive reaction and catalytical property of ZnO nanoparticles, due
to the fact that the tiny particles, after agglomeration, will lose a pro-
portion of their surface area allocated for the reaction with molecules of
the pollutants [44]. Furthermore, Fig. 2b depicts a SEM image of ZnO
nanoparticles taken at 8000× magnification. Generally, the surface of
these ZnO nanoparticles is coarse and consists of several non-uniform
and separated grains (light color). Besides, it can be very noticeable
owing to the several deep cavities formed which are dark in color.
These morphological properties of the selected catalyst represent a
positive feature by providing a high surface area for the pollutant
molecules' adhering and reaction.

The XRD patterns of the ZnO nanoparticles are shown in Fig. 3.
Generally, this pattern is necessary for gathering information about the
approximate size and the crystalline structure of the solid particles. On
the basis of the Scherrer equation, the average crystallite size of ZnO
nanoparticles was 13 nm. The diffraction peak observed at 2θ=31°,
34°, and 37°, represent the crystalline structure of ZnO nanoparticles
with a hexagonal wurtzite phase (JCPDS:36-1451) [45]. In addition to
this, the sharp peaks at 2θ=47°, 57°, 63° and 68° confirming a high
crystallinity structure of ZnO nanoparticles as well as the tested sample
of ZnO nanoparticles were of a high quality [31].

The FT-IR analysis of ZnO nanoparticles is depicted in Fig. 4, which
shows that the surface of the catalyst comprises several strong and
active groups. The strong peaks were detected in the range of

3500–3800 cm−1, which correspond to the OeH stretching mode of the
hydroxyl group. The hydroxyl impurities are probably the result of the
hydroscopic nature of the ZnO nanoparticles. The bands found at
2300 cm−1 are attributed to the presence of alkane groups (CeH
stretching vibration). The peaks detected that lay in the range of 1300
to 1500 cm−1 belong to symmetrical and asymmetrical stretching of the
zinc carboxylate groups. The weak absorption band observed in the FT-
IR spectrum of ZnO nanoparticles of 667.03 cm−1 belongs to the
stretching vibration mode of CeO groups [25,30].

3.2. Results of the statistical analysis

The Box-Behnken statistical model was applied with the detailed
input values as listed in Table 2 (5 factors, 10 central points, and 50
runs). This table lists the experimental design matrix of the Box-
Behnken statistical model, and the actual and predicted degradation
efficiency of the catechol. Therefore, the quadratic model to predict the
percentage of degradation of catechol from aqueous solution using ZnO
nanoparticles as the catalyst during photocatalyst process was obtained.
This model can be written as shown in Eq. (9) with five coded factors.

= + + +
+ +

Predicted Removal% 188 17.7A 11.4B 6.2C 5.1D 7.1E
0.68AB 0.61AE 0.03CD (9)

Table 3 lists the results of ANOVA for the degradation efficiency of
catechol using ZnO nanoparticles under the photocatalyst process.
Significant parameters with p-value<0.05 have been obtained in the
present study for the input response variables, indicating that the ex-
perimental data can adequately describe the proposed model obtained
by the Box-Behnken response surface methodology (Eq. (9)). Ad-
ditionally, a high value of R2 value was determined (0.950) which has a
logical fit with R2 Adjusted value as determined to be equal to 0.927.
Also, the validity of the model is confirmed by the insignificance of the
p-value of lack-of-fit which was found to be 0.82. This value is greater
than the lowest limit of fit as recommended to be (0.05) [36,46]. From
another perspective, Fig. 5 graphically depicts the normal probability
plot of residuals from the least-squares fitting for the response per-
centage of catechol degradation. This figure shows that the points on
the plot lie reasonably close to a straight line as well, as the residuals
follow a normal distribution pattern. Fig. 6 is a random scatter plot of
the actual values (Eq. (7)), and predicted results (Eq. (9)) of the de-
gradation efficiency of catechol. It can be seen that both the predicted
and actual results are randomly scattered around the 45° straight line,
which confirms that the error values between the actual and predicted
values have zero mean. All these results indicate a high correlation and
adequacy of the proposed model to predict the degradation process of
catechol using the photocatalytic reactor with ZnO nanoparticles as a
catalyst. The statistical analysis revealed that each factor in Eq. (9) is a
contributing factor in this equation, but to different degrees, as visua-
lized in Fig. 7.

3.3. Effect of experimental parameters

3.3.1. pH
The pH of an aqueous solution is one of the most important effective

factors in chemical reactions in the photocatalytic process ([12]; Shukla
et al., 2012). This is due to the fact that this parameter can alter the
surface properties and charge of metal oxides depending on the pHpzc
of the utilized catalyst. In addition to this, this parameter can have an
effect on the contaminant's structure, mechanism of radical hydroxyl
production, and reaction kinetics during the photocatalytic process
[47,48]. Towards this end, the current study makes an attempt to as-
certain the efficiency of ZnO nanoparticles in the degradation of ca-
techol molecules at pH ranging from 3 to 11, with the variation in the
dose of ZnO nanoparticles= 0.20–0.25 g/L solution (Fig. 8); and UV
radiation intensity= 8–40W (Fig. 9). The results plotted in these two

100 nm 

a 

b 

Fig. 2. TEM (a) and SEM (b) images of ZnO nanoparticles.
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figures demonstrated that the high efficiencies of catechol degradation
occurred at acidic pH values and vice versa. The reason behind this
phenomena is well known, that the phenolic compounds, such as ca-
techol, have negative charges on the surface and they can be adsorbed
on the surfaces of ZnO nanoparticles when the solution with pH is less
than pHpzc, therefore, at acidic pH, the surface charge of the catalyst
and pollutant levels are non-homonymous. Moreover, at pH>7 the
electrostatic repulsion rate between the catalyst particles and the or-
ganic pollutant molecules is high, leading to a decrease in reaction rate
between them; thus the decrease in degradation efficiency. On the other
hand, it is well known that the photocatalytic process at the alkaline
level of pH is ineffective in producing high hydroxyl radicals; also the
hydrogen peroxide is rapidly decomposed by preformed hydrogen ra-
dicals into water and oxygen. Under these circumstances, the de-
gradation rate of catechol is hampered at alkaline pH values
[23,40,49].

3.3.2. Dosage of ZnO nanoparticles
As illustrated previously, the effect of the variation that the dose of

the catalyst has on the removal process of the catechol was investigated
within the range of 0.20–0.25 g of ZnO nanoparticles per 1 L catechol
solution. The results of this experiment are plotted in Fig. 8. In fact, the
dosage of the catalyst nanoparticles is another important parameter
that needs to be studied, as it may have significant effects on the

performance of the photocatalysts process. In addition to this, an eva-
luation of the optimum quantity of catalyst is one of the vital char-
acteristics from the economic point of view. From Fig. 7, the percentage
degradation of catechol increased with the increase in dosage of ZnO
nanoparticles. The reason for this behavior is the increase in the amount
of catalyst in the aqueous solution, which in turn increases the surface
area or reaction sites. Therefore, more UV radiation will be absorbed by
the catalyst particle which ultimately leads to a further increase in
production of hydroxyl radicals [26]. The mechanism of this process is
that in the photocatalytic reaction using ZnO nanoparticles, the surface
of the catalyst absorbs UV radiation with energy greater than the en-
ergy level of the band gap and, therefore, more free electrons will be
generated. Besides, the surface of the nanoparticles will have more
small holes. The holes in the surfaces of ZnO nanoparticles can enhance
the performance of the photocatalysis process by increasing the surface
area of the reaction. Simultaneously, these generated electrons may
react with H2O and O2 in an aqueous solution and produce O%− and OH
% radicals which are essential for the degradation of organic molecules
(Eqs. (1)–(6)).

3.3.3. Intensity of UV radiation
The principle of the photocatalytic process is the irradiation of the

catalyst utilized to UV radiation. This mechanism will offer several
positive operational properties that belong to the enhancement of

Fig. 3. The XRD pattern of ZnO nanoparticles.

Fig. 4. FTIR spectra of the ZnO nanoparticles.

E. Bazrafshan, et al. Microchemical Journal 147 (2019) 643–653

647



radical hydroxyl production, and an increase in the number of cavities
at the surface of the catalyst particles that will result in an increase in
the surface area of the reaction. The effect of the UV radiation in the
photocatalytic reactor was examined using UV lamps of intensity of 8,
24, and 48W, and the results are depicted in Fig. 9. It is obvious that
the increase in the intensity of UV radiation led to the linear increase in
the degradation efficiency of catechol owing to the above mentioned
reasons. The results obtained from this experimental work are similar to
those derived by Abramović et al. [24], who concluded that the de-
gradation of the herbicide, clomazone, was hastened with the increase
in the intensity of UV radiation during the photocatalytic reaction with
TiO2 nanoparticles as catalyst.

3.3.4. Initial catechol concentration
The initial effect of catechol concentration on the degradation of its

efficiency using ZnO nanoparticles catalyst was tested further in the

present study. The test was as a function of different initial con-
centrations, i.e., 10, 105, and 200mg/L, and the reaction time from 15
to 120min (Fig. 10). The results indicated that the increase in catechol
concentration from 10 to 105mg/L has none or little effect on its de-
gradation efficiency. With further increase in catechol concentration
from 105 to 200mg/L, the degradation efficiency decreased abruptly.
The overall observation can be ascribed to the availability of the high
number of non-reacted sites that can cover the degradation of catechol
at lower concentrations such as below 105mg/L. Subsequently, with a
further increase in the concentration of the pollutant to above 105mg/
L, the occupying or reaction of most of the catalyst nanoparticles was
behind the reason for depletion in the percentage of degradation. This
can be attributed to the increase in the concentration of the pollutant
which can increase the competition of hydroxyl radicals that are es-
sential for the degradation of the pollutant molecules [50]. On the other
hand, the presence of byproduct chemicals due to the decomposition of
catechol at high concentrations can lead to the consumption of addi-
tional radical hydroxyls and, in turn, reduces the removal efficiency of
catechol. Similar results were obtained by another study conducted by
Shukla et al. [51] and Asadgol et al. [28].

3.3.5. Reaction time
The effects of the variation in reaction time on the degradation ef-

ficiency were examined within 15–120min, and the results are pre-
sented in Fig. 10. However, the degradation performance of ZnO na-
noparticles in the photocatalytic reaction was fast. It can be seen that an
increase in the agitation time above 15min, imparted a noticeable ef-
fect on the removal efficiency of catechol, and relatively 45% de-
gradation efficiency was achieved with the first 15min of reaction time
(10mg/L initial concentration). Indeed, this behavior of fast reaction
process imparts a positive property to the catalyst material which, in
turn, makes it an excellent material for practical applications in pho-
tocatalytic treatment units [34,52]. Subsequently, the degradation ef-
ficiency was increased to 56% with an increase in reaction time to
120min. The occurrence of this phenomenon can be attributed to the
available and adequate time to produce more free radical hydroxyl
concentration, thereby, these radicals will degrade more catechol mo-
lecules, and thus, the degradation efficiency was increased [53–55].
This finding is similar to that obtained in the degradation of other or-
ganic pollutants [52,56].

Table 2
Results of analyses of variance for the degradation efficiency of catechol using
ZnO nanoparticles under photocatalyst process.

Run A (pH) B
(ZnO
dose)

C (Initial
concentration)

D
(Reaction
time)

E: (UV
intensity)

%Degradation

1 3 0.225 200 67.5 28 60.9
2 7 0.225 10 67.5 8 56
3 11 0.25 105 67.5 28 26
4 11 0.2 105 67.5 28 15
5 7 0.225 105 67.5 28 54.1
6 3 0.25 105 67.5 28 71.5
7 11 0.225 105 15 28 10
8 7 0.225 200 67.5 48 45.1
9 7 0.25 105 15 28 56
10 7 0.225 200 15 28 35.5
11 11 0.225 10 67.5 28 30
12 7 0.225 105 120 48 56.1
13 7 0.25 105 67.5 8 60.2
14 11 0.225 105 120 28 24.5
15 7 0.225 105 67.5 28 53.6
16 7 0.225 105 15 8 38
17 11 0.225 200 67.5 28 14.5
18 7 0.225 105 67.5 28 54.4
19 7 0.2 10 67.5 28 39
20 7 0.2 105 67.5 48 32.5
21 7 0.2 105 120 28 34.7
22 7 0.225 200 120 28 42.9
23 7 0.25 200 67.5 28 55.6
24 3 0.2 105 67.5 28 52
25 3 0.225 10 67.5 28 69.4
26 7 0.2 200 67.5 28 28.2
27 3 0.225 105 67.5 8 66.5
28 3 0.225 105 67.5 48 67.8
29 7 0.225 105 67.5 28 52.7
30 7 0.225 105 67.5 28 51.9
31 11 0.225 105 67.5 48 22
32 7 0.225 10 15 28 54.1
33 7 0.225 105 67.5 28 53.5
34 7 0.225 200 67.5 8 34
35 7 0.25 105 67.5 48 61.8
36 7 0.225 105 120 8 54
37 3 0.225 105 15 28 56.7
38 3 0.225 105 120 28 65.1
39 7 0.2 105 67.5 8 29.9
40 7 0.225 105 67.5 28 51.8
41 7 0.225 105 15 48 44.2
42 7 0.225 10 67.5 48 60.1
43 7 0.225 10 120 28 59.9
44 7 0.2 105 15 28 26.6
45 11 0.225 105 67.5 8 15
46 7 0.225 105 67.5 28 52.4
47 7 0.25 105 120 28 62.1
48 7 0.25 10 67.5 28 64.2
49 7 0.225 105 67.5 28 50.9
50 7 0.225 105 67.5 28 52

Table 3
Analyses of variance for a quadratic model removal of catechol.

Model Sum of squares Mean
square

F-value p-Value

Theoretical model
(Eq. (9))

14,667 958 1106 <0.0001

A 7487 7487 95.2 < 0.0001
B 86.17 86.17 321.2 < 0.0001
C 278.3 278.3 378.5 0.009
D 347.6 347.6 296.8 0.02
E 230.3 230.3 914.8 0.0054
A)2) 840 840 859 <0.0001
B)2) 106 106 195.4 < 0.0001
C)2) 3730 3730 4567 0.01
D)2) 955 955 1281 0.025
E)2) 702 702 833.2 0.039
A*B 74 74 89.8 0.001
A*E 26.8 26.8 36.12 0.025
C*D 71 71 80.2 0.041
Residual 21.64 0.85 – –
Lack of Fit 21.39 0.79 0.58 0.82
Pure Error 11.25 1.25 – –
Cor Total 14,997 – – –

R2=0.951. R2Adjusted= 0.927.
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3.4. Optimization of the experimental parameters

The aim of conducting the optimization process is to find a com-
bination of experimental variable levels in which the removal of ca-
techol reaches its maximum value. In order to achieve this aim, the Box-
Behnken design methodology is applied as an efficient tool to predict
the best operating mode between the ranges of studied experimental
variables. The results highlighted that the proposed model predicted
about 69.8% of catechol removal under optimal conditions including:
pH=3; a dose of ZnO nanoparticles= 0.24 g/L; reaction
time=98min; initial concentration of catechol= 74mg/L; and UV
radiation intensity= 40W. The factor of desirability was 0.96 which
represents a completely desirable, or ideal response value of these
conditions [57] (Fig. 11).

Fig. 5. Normal probability plot of residuals obtained by ANOVA for degradation of catechol using the ZnO nanoparticles catalyst.

Fig. 6. Correlations between the experiments with predicted values of catechol removal efficiency.
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Fig. 7. The percentage contribution of the parameters of the proposed model
(Eq. (9)).
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3.5. Kinetic degradation mechanism

In the chemical reaction, the experimental kinetics should be in-
vestigated in order to identify the mechanism of pollutants' degrada-
tion. Furthermore, it is essential to make use of the reaction rate ki-
netics for investigating the catalytic performance for removal of
catechol. In the present study, the Langmuir-Hinshelwood (Eq. (10))
was used for modeling the experimental kinetic data.

This formalism is mostly used for modeling experimental data, and
for the description of the kinetic degradation systems of organic ma-
terials [60,61].

= =
+

r dC
dt

K K C
KC1

o
0

0 (10)

where r0; K′, and K are the oxidation reaction rate (mg/Lmin); the
constant of reaction rate (mg/Lmin); and the uptake of coefficient of
pollutant (catechol) (L/mg), respectively.

In case of very low pollutant concentration (K≪ 1), Eq. (10) can be
written as follows:

=dC
dt

kobs (11)

=C
C

k tln obs
0 (12)

where kobs is the rate constant of the first-order model (min−1), and t is
the reaction time (min).

The linear analysis results of this model with the experimental data
of catechol degradation are reported in Table 4. It reveals that the ex-
perimental data are in good agreement with the Langmuir-Hinshelwood
model, which is further confirmed by satisfactorily high R2 values. The
model parameter of reaction rate (kobs) is determined from the linear
plot of ( )ln C

C
t
o

versus time (Table 4). The high Kobs values were de-
termined at the studied range of catechol concentrations, indicating a
high rate of photocatalytic reaction at these values [58,59].

4. Conclusion

In the present study, we have investigated ZnO nanoparticles as a
catalyst for the photocatalytic degradation of catechol from wastewater
under different experimental parameters. The characterization, using
specific diagnostic techniques, demonstrated that the prepared catalyst
of ZnO nanoparticles have good catalytical properties like high surface

Fig. 8. Degradation efficiency of catechol as a function of pH and ZnO nanoparticles dose.

Fig. 9. Degradation efficiency of catechol as a function of pH and intensity of UV radiation.
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Fig. 10. Degradation efficiency of catechol as a function of reaction time and initial catechol concentration.

Fig. 11. Optimum conditions designed using the Box-Behnken statistical method.

Table 4
The calculated parameters of the Langmuir-Hinshelwood model at different environmental conditions.

Parameter Value Kinetic equation ( = ( )Y ln C
C0

and x= t) kobs (min−1)× 103 R2

pH 3 Y= 0.0081x+ 0.76 8.1 0.979
7 Y= 0.00057x+ 0.616 5.5 0.963
11 Y= 0.00049x+ 0.053 4.9 0.936

ZnO nanoparticles dosage (g/L) 0.2 Y= 0.0034x+ 0.43 2.7 0.946
0.225 Y= 0.0027x+ 0.3 3.4 0.969
0.25 Y= 0.025x+ 1.08 25 0.989

Initial concentration (mg/L) 10 Y= 0.0181x+ 1.004 18.1 0.997
105 Y= 0.0138x+ 0.13 13.8 0.991
200 Y= 0.0116x+ 0.778 11.6 0.966

UV radiation intensity (W) 8 Y= 0.0086x+ 0.69 8.6 0.979
24 Y= 0.2569x+ 0.821 25 0.998
40 Y= 0.099x+ 1.67 45 0.965
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area, strong functional groups, high pore size, and nano-sized range of
particle diameter. According to the results of the statistical analysis
utilizing the Box-Behnken statistical methodology, the proposed quad-
ratic model was successful in predicting the degradation process of
catechol, and all the parameters studied had statistically significant
probability critical levels. Further, the catechol degradation efficiency
reached 69% under conditions such as: pH=3; initial catechol con-
centration= 74mg/L; ZnO nanoparticles dosage= 0.24 g/L; reaction
time=98min; and under exposure to UV radiation of 40W. The results
of the optimization process showed that the experimental parameters
that were studied played a role in contributing towards the degradation
process with a different trend, but they can also be ranked as
pH > catalyst dose > UV radiation intensity > initial catechol con-
centration > reaction time. The kinetic degradation data followed the
Langmuir-Hinshelwood model because this model had statistically
significant parameters. These results suggest that the ZnO nanoparticles
were an attractive and effective catalyst for the degradation of catechol
in the photocatalytic treatment systems. In future studies, the inter-
mediate compounds that were generated during the photocatalytic
degradation of catechol should also be considered.
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