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Abstract  Photocatalytic properties of photocatalysts depend generally on techniques employed for preparing 
nanostructures and doping processes. Nanostructured zinc oxides (ZnO) are promising photocatalysts due to their high 
stability, high surface activity, and low costs. This study highlights a simple method of a co-precipitation for synthesizing 
ZnO and potassium doped ZnO (K-ZnO). In this research, surface functionalization with high quality explored by multiple 
surface analytical methods such as crystal structural, morphology analysis, inductively coupled plasma-atomic emissions 
spectroscopy (ICP-AES) and scanning electron microscopy (SEM) attached with energy dispersive x-ray (SEM/EDX). The 
approach is well suited to produce crystalline K-ZnO, which possesses a shape of nanorods (35.2 to 48.9 nm) and acts as an 
efficient visible light responsive photocatalyst. The results indicated that the K-ZnO is more responsive to the visible light 
than pure ZnO. The degradation efficiency of 2-naphthol in aqueous solution in the presence of K-ZnO and sunlight was 
found to be 95% in 70 min at pH 10.5. In contrast, negligible degradation of 2-naphthol occurred in the absence of K-ZnO. 
Mechanism and type of photoreaction were identified by employing hydroxyl radical scavengers (e.g. tert-butyl alcohol and 
Cu2+/Ag+ ion) and electron ( ecb

− )  scavengers (e.g. Ag+ ions and molecular oxygen). The kinetic analysis of the 
photodegradation process using a Langmuir-Hinshelwood model suggests that the reaction has occurred on the surface of the 
photocatalyst. Also, the reaction is influenced by hydroxyl radical scavengers supporting a photooxidation pathway, whereas 
electron scavengers showed minor effect. Mineralization of 2-naphthol using K-ZnO in presence of sunlight was confirmed 
by ultra-performance liquid chromatography equipped with mass spectrometry (UPLC/MS). 
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1. Introduction 
One of the significant sources of pollution in the 

ecosystem is the discharge of hazardous wastewater such as 
phenolic pollutants [1, 2]. These pollutants are produced as a 
product of different industrial processes in addition to 
biogenic and anthropogenic activities [3, 4]. Therefore, 
industrial effluents usually contain a trace quantities of 
phenolic derivatives. These compounds are considered as 
priority pollutants and classified as hazardous due to their 
effect on human health [5-7]. Recently, removal of phenolic 
compounds from the environment was performed through 
different techniques. Particularly, electrochemical, 
biological, and chemical techniques, along with others have 
been used [8-10]. Although, most of these methods have 
several limitations, heterogeneous photocatalysis appeared 
to be the most effective method [10-13]. Among different 
photocatalysts, ZnO has been used due to  its advantages of  
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stability, low cost and high surface activity for degrading 
many organic pollutants [14, 15]. In photocatalytic reaction, 
when ZnO is excited with a suitable wavelength, it produces 
conduction band electrons (ecb

− ) and valence band holes (hvb
+ ) 

(equation 1). The active species (hvb
+  and ecb

− ) may react 
with 𝑂𝑂𝑂𝑂−/𝐻𝐻2𝑂𝑂  and 𝑂𝑂2  to produce hydroxyl radicals 
(𝑂𝑂𝑂𝑂• ) and super oxide anion radical (𝑂𝑂−2

• ) respectively 
(equations 2-3). Photooxidation and photoreduction 
reactions of pollutants may occur directly and/or indirectly 
(equation 4-5) to produce different products (P) [16, 17]. 

ZnO + hν → ZnO∗ (hvb
+  + ecb

− )       (1) 
hvb

+  + OH−/H2O → OH•           (2) 
ecb
−  +  O2 → O−

2
•                (3) 

hvb
+ /OH• +  2 − naphthol → P        (4) 

ecb
− /O−

2
•  +  2 − naphthol → P        (5) 

Many reports are interested in investigating whether 
photoreactions occur on the surface of photocatalyst 
(through adsorbed species) or in the bulk solution via free 
𝑂𝑂𝑂𝑂𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓•  radicals or via free solvated electron [13, 18]. 
Although, the applicability of experimental data to the 
Langmuir-Hinshelwood kinetic model would support a 
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surface reaction, further evidences are required [13, 19]. 
Recently, researchers focused on improving the 
photocatalytic properties of the photocatalysts using 
different techniques for preparing nanostructures and doping 
processes [15]. Nanostructured ZnO has been synthesized by 
different techniques such as hydrothermal method, aerosol, 
micro-emulsion, ultrasonic, sol–gel method, evaporation of 
solution and suspensions, solid state reaction, wet chemical 
synthesis and other techniques [20-22]. However, among 
these methods, co-precipitation route appeared to be a simple 
route, low cost and provide large scale production of 
effective nanoparticle ZnO [22, 23]. It is known that 
synthesis of ZnO nanoparticles in different shapes with 
different particle sizes, would lead to increase its surface area 
which may improve its photocatalytic properties [24, 25]. On 
the other hand, incorporating dopant ions would generate 
lattice defects and lead to change in the band gap energy. 
Furthermore, lowering the band gap of ZnO is an efficient 
method for enhancing the visible light response of ZnO. 
Initiating photocatalytic reactions with visible light energy is 
the main need to overcome the cost and to use the renewable 
energy.  

The objective of this research was to use a simple method 
of co-precipitation for synthesizing nanoparticles of pure 
ZnO and potassium doped ZnO (K-ZnO) as a visible light 
responsive photocatalyst. K-ZnO nanoparticles will be used 
for photocatalytic degradation of 2-naphthol (an organic 
pollutant) using direct sun light. The optimum conditions for 
photocatalytic degradation will be determined and different 
ecb
−  and hvb

+ /OH• scavengers will be used to elucidate the 
type of photocatalytic reaction.  

2. Experimental 
2.1. Materials and Reagents 

Zinc acetate dihydrate purchased from Loba Chemie, 
potassium hydroxide was purchased from the Biotech 
Laboratories Ltd, and ethyl alcohol was purchased from 
ADWIC. Ferrous ammonium sulphate purchased from 
LOBA Chemie Company, India. 2-naphthol was purchased 
from Universal Laboratories, Mumbai. Transition metals 
such as silver nitrate and copper nitrate were purchased from 
Loba Chemie. Tert-butyl alcohol (t-butyl) was used as 
electron scavengers. Millennium Gases supplied nitrogen. A 
stock solution of 2-naphthol with a concentration of 42 mg/L 
was prepared in distilled water and further diluted for 
photodegradation experiments (3.0 to 24 mg/L). Sodium 
hydroxide and ethylene diamine tetra acetic acid and ethyl 
alcohol were purchased from ADWIC Company. Ascorbic 
acid was purchased from Morgan Company. Dilute solutions 
of HNO3 and NaOH were prepared to control the pH during 
the experiments. All chemicals were used without further 
purification. All solutions were prepared with distilled water. 

2.2. Preparation of K-ZnO Nanoparticles (Photocatalyst) 

The potassium doped ZnO (K-ZnO) nanoparticles was 

obtained by co-precipitation method [22] using the following 
procedure. First, one beaker with 20 mL of aqueous solution 
of 6 mmol (CH3COO)2Zn⋅2H2O and another beaker with 10 
mL of 20 mmol KOH (with a molar ratio of 1:3). Then, the 
KOH solution was added dropwise to the zinc acetate 
solution and stirred. The produced precipitate was kept at 
70°C for 15 h, left to cool, rinsed with a mixture of water: 
ethanol (70:30), and dried at 70°C for 10 h before use in the 
experiments.  

2.3. Characterization of K-ZnO Nanoparticles 

Several techniques used for the analysis of the prepared 
K-ZnO such as crystal structural, morphology analysis and 
the spectroscopic measurements. The crystal structure of the 
prepared samples was investigated by X-ray diffraction 
(XRD) using λ = 0.1542 nm and the 2 θ values ranged   
from 10° to 80°. Also, the morphology and the structure of 
the sample was characterized by scanning electron 
microscopy(SEM) Model Quanta 250 FEG (Field Emission 
Gun) attached with EDX Unit (Energy Dispersive X-ray 
Analyses), with accelerating voltage 30 K.V. The elemental 
analysis of samples was determined by SEM-EDX. The 
morphology of K-ZnO was further analyzed by transmission 
electron microscopic (TEM) which performed by JEOL 
TEM 2100, operating at 200 kV. In addition, the 
spectroscopic analysis performed by Fourier transmission 
infrared (FT-IR) and UV-Vis spectra to determine the 
functional groups and the band gap of K-ZnO sample 
respectively. FTIR of K-ZnO was obtained by a Shimadzu 
Fourier transform infrared spectrometry (FTIR) using KBr 
pellet in the range of 400 to 4000 cm-1 at room temperature. 
Also, UV-Vis spectrophotometer (Perkin Elmer Lambda 35) 
was used for recording the transmission/absorption and 
spectrum of K-ZnO dispersed in water for determining the 
band gap energy. Further confirmation of doping process 
investigated by Inductively Coupled Plasma Atomic 
Emissions Spectroscopy (ICP-AES) using JY 138 
instrument supplied from JOBIN-YNON France, sequential 
spectrometer used for determining the concentration of K 
doped in ZnO crystals. The working conditions were Power 
1100 W, outer gas flow rate 14.0 L/min., auxiliary gas flow 
rate 0.2 L/min., carrier gas flow rate 1.0 L/min., observation 
height 15.0 mm, sample feed rate1.4 mL/min. In addition, 
pH values were measured by a pH meter (HANNA Model).  

2.4. Photocatalytic Activity  

The photocatalytic efficiency of K-ZnO was evaluated by 
the rate of photocatalytic degradation of 2-naphthol under 
direct sunlight. The initial concentrations of 2-naphthol was 
varied from 3 to 24 mg/L (2.08 x10-5 to 16 x10-5 M). Most of 
the experiments performed at noon time during the month of 
April and May in Egypt. The average temperature of the 
solution was about 37°C. In these experiments all solutions 
were pre-equilibrated for 15 min with stirring, then irradiated 
by sunlight in 15 mL Pyrex tubes. To determine whether 
2-naphthol degraded by direct photolysis, corresponding 
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experiments were conducted without K-ZnO. Scavengers 
were added to the water prior to introduction of 2-naphthol or 
K-ZnO. To minimize the concentration of O2 gas, solutions 
were purged with N2 gas for 30 min prior to addition of 
2-naphthol.  

2.5. Adsorption Experiments 

Dark adsorption by batch technique was used to 
investigate the removal of 2-naphthol. Known mass of the 
K-ZnO was added to known volume of 2-naphthol (with 
different initial concentrations) at room temperature and  
pH 10.5. Samples were centrifuged (2490 rpm for 12 min), 
and the amount of 2-naphthol sorbed to K-ZnO was 
determined by mass balance. 

2.6. Analyses of 2-naphthol 

The concentration of 2-naphthol were determined using 
Perkin Elmer Lambda 35, UV-vis spectrophotometer. The 
maximum absorbance of 2-naphthol takes place at λ max = 
228 nm, at which all subsequent quantitative analyses were 
performed. The concentrations of 2-naphthol were calculated 
using the measured absorbance and prepared calibration 
curve. The amount of 2-naphthol sorbed by K-ZnO at time t 
(𝑞𝑞𝑡𝑡  (mg/g)), and at equilibrium (𝑞𝑞𝑒𝑒  (mg/g)) calculated as in 
equations 6 and 7. 

𝑞𝑞𝑡𝑡 =  ([2 − 𝑛𝑛𝑛𝑛𝑛𝑛ℎ]0 − [2 − 𝑛𝑛𝑛𝑛𝑛𝑛ℎ]𝑡𝑡) 𝑉𝑉
𝑊𝑊

     (6) 

𝑞𝑞𝑒𝑒 =  ([2 − 𝑛𝑛𝑛𝑛𝑛𝑛ℎ]0 − [2 − 𝑛𝑛𝑛𝑛𝑛𝑛ℎ]𝑒𝑒) 𝑉𝑉
𝑊𝑊

     (7) 

where; [2 − 𝑛𝑛𝑛𝑛𝑛𝑛ℎ]0, [2 − 𝑛𝑛𝑛𝑛𝑛𝑛ℎ]𝑡𝑡  and [2 − 𝑛𝑛𝑛𝑛𝑛𝑛ℎ]𝑒𝑒  are 
concentration (mg/L) of 2-naphthol before starting the 
experiment, concentration during the experiment and 
equilibrium concentrations. Solution volume is 𝑉𝑉 (L) and 
the photocatalyst mass is 𝑊𝑊(𝑔𝑔). The removal percentage of 
2-naphthol by photocatalytic degradation can be calculated 
from equation 8: 

𝑞𝑞𝑡𝑡 =  ([2 − 𝑛𝑛𝑛𝑛𝑛𝑛ℎ]0 − [2 − 𝑛𝑛𝑛𝑛𝑛𝑛ℎ]𝑡𝑡) 𝑉𝑉
𝑊𝑊

    (8) 

𝑞𝑞𝑒𝑒 =  ([2 − 𝑛𝑛𝑛𝑛𝑛𝑛ℎ]0 − [2 − 𝑛𝑛𝑛𝑛𝑛𝑛ℎ]𝑒𝑒) 𝑉𝑉
𝑊𝑊

    (9) 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 % =  ([2−𝑛𝑛𝑛𝑛𝑛𝑛 ℎ]0−[2−𝑛𝑛𝑛𝑛𝑛𝑛 ℎ]𝑡𝑡)
[2−𝑛𝑛𝑛𝑛𝑛𝑛 ℎ]0

𝑥𝑥100   (10) 

During the photocatalytic degradation of 2-naphthol, the 
change in concentration with respect time followed the 
exponential function of the pseudo first-order reaction as in 
equation 11:  

[2−𝑛𝑛𝑛𝑛𝑛𝑛 ℎ]𝑡𝑡
[2−𝑛𝑛𝑛𝑛𝑛𝑛 ℎ]0

 =  𝑒𝑒−𝑘𝑘𝑘𝑘           (11) 

Furthermore, the kinetics of the photocatalytic 
degradation reaction were tested by the linear form of both 
the pseudo first-order and the pseudo second-order reaction 
equations as in equations 9 and 10: 

𝑙𝑙𝑙𝑙 [2−𝑛𝑛𝑛𝑛𝑛𝑛 ℎ]𝑡𝑡
[2−𝑛𝑛𝑛𝑛𝑛𝑛 ℎ]0

 =  − 𝑘𝑘1 𝑡𝑡         (11) 

1
[2−𝑛𝑛𝑛𝑛𝑛𝑛 ℎ]𝑡𝑡

 =  1
[2−𝑛𝑛𝑛𝑛𝑛𝑛 ℎ]0

+  𝑘𝑘2 𝑡𝑡       (12) 

where; t is the reaction time, and k1 and k2 are the reaction 
rate constants of first-order and second-order reactions 
respectively. 

2.7. Analysis of 2-naphthol for Mineralization Study 

To investigate the mineralization of 2-naphthol, 
quantitative analyses performed on ultra-performance liquid 
chromatography waters Acquity equipped with Waters Xevo 
a triple quadrupole mass spectrometer (UPLC/MS). Samples 
separated on a Waters BEH C18 column (10 cm x 2.1 mm, 
1.7 μm) with a linear, 7 min long gradient from 3 to 10% of 
acetonitrile containing 0.1% (v/v) formic acid (solvent B) in 
0.1% formic acid (solvent A). All separations were carried 
out at 50°C at the flow rate of 700 μl/min. After each 
gradient elution, the column was washed with 90% solvent B 
for 1 minute and then re-equilibrated with 3% solvent B in 
solvent A for 3 minutes prior to the next injection. 

3. Results and Discussion 
3.1. Crystal Structural and Morphology 

Characterization of K-ZnO 

3.1.1. X-ray Diffraction (XRD) Analysis 

The crystalline phase and purity of K-ZnO were predicted 
from XRD analysis as shown in Figure 1. The results show 
that diffraction peaks appear at 31.73°, 34.45°, 36.15°, 
47.45°, 56.49°, 66.35°, 68.1°, 69.2°, 72.05°, and 77.13°. This 
pattern is in a high agreement with the phase of the standard 
ZnO (JCPDS card No. 36-1451), which is a hexagonal 
wurtzite polycrystalline structure (space group: P63mc (186), 
with lattice planes (hkl) as: (100), (002), (101), (102), (103), 
(200), (112), (201), (004), and (202), respectively). The 
XRD patterns and the intensity of the peaks of K-ZnO 
indicated that the c axis with (101) reflection showed the 
strongest orientation. Also, K-ZnO showed a broad and some 
sharp peaks which indicated that the prepared K-ZnO has a 
small particle size (as resulted from TEM analysis) and is 
crystalline [26, 27]. 

 

Figure 1.  X-ray diffraction patterns with (hkl) values of as-prepared 
K-ZnO nanorods compared to the standard (JCPDS:36-1451) of pure ZnO 
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3.2. Analysis of the Surface Morphology and the Main 
Elements in K-ZnO 

3.2.1. SEM-EDX and ICP-AES Analysis 

Analysis of the surface morphology and the main elements 
in K-ZnO sample was determined by SEM–EDX (Figure 2). 
The SEM image of K-ZnO (Figure 2a) shows particles 
without any specific morphology. Energy dispersive X-ray 
analysis (EDX) was used to determine the chemical 
compositions of K-ZnO sample (Figure 2b). The results 
showed that in addition to Zinc and oxygen, potassium was 

detected in the sample of K doped ZnO to confirm the doping 
process. As mentioned previously, doping process of K in 
this research was very simple and performed by 
co-precipitation with only increasing the amount of KOH 
three times more than Zn+2 ions (3:1 molar ratio). Although 
K was detected in a small mass % as 0.02, it is a good 
indication of the efficiency of this simple method of 
preparation. In addition, the results of ICP-AES confirmed 
the presence of K in K-ZnO sample and showed a 0.11  
mass % of K is present as shown in Table 1. 

 

 

Figure 2.  SEM image (a) and EDX spectrum (b) of as prepared K-ZnO sample 

 

Figure 3.  TEM image of K-ZnO nanorods prepared by co-precipitation 
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Table 1.  The mass % of K in K-doped ZnO by SEM-EDX and ICP-AES 

Element Mass % 

 SEM/EDX ICP-AES 

O 6.750 2.711 

Zn 93.240 97.179 

K 0.020 0.117 

3.2.2. Transmission Electron Microscopic (TEM) Analysis 

Figure 3 shows TEM images of K-ZnO nanoparticle 
sample. The sample of K-ZnO consists of randomly 
distributed nanorods along with spherical shaped 
nanoparticles. The diameter of the nanorods ranges 
approximately from 35.2 nm to 48.9 nm.  

3.3. Spectroscopic Analysis 

3.3.1. Fourier Transmission Infrared (FTIR) Spectra 

Figure 4 shows the typical FTIR spectra of K-ZnO, to 
investigate the chemical composition of as synthesized 
K-ZnO nanoparticles. Broad absorption bands near 3,427.85 
cm-1 in ZnO and 3470.15 cm-1 in K-ZnO are corresponds to 
the O–H mode of the atmospheric water molecules absorbed 
on surface. It can be noted that the strong absorption band of 
hydroxyl group in K-ZnO spectrum is stronger than pure 
ZnO. This result may indicate a hydrogen bond formed at 
K-ZnO interface which increases the concentrations of 
hydroxyl groups onto the surface of K-ZnO. Presence of OH 
groups onto the surface of K doped ZnO would increase the 
formation of hydroxyl radicals and is expected to enhance its 
photocatalytic activity [15]. The bands centered around 
1618.95 cm-1 in ZnO and 1628.85 cm-1 in K-ZnO resulted 
from the different vibration modes of C=O [28]. Also, the 
bands at 412.80 and 569.35 cm-1 could be corresponding to 
the K-ZnO stretching modes which is slightly shifted from 
the band of 561.18 cm-1 which is corresponding to the ZnO 
stretching modes [29]. The main bands in K-ZnO were 
slightly shifted from the corresponding bands in ZnO, that is 
because the addition of impurities to a semiconductor affects 
the vibrational properties. 

 

Figure 4.  FTIR spectra of K-ZnO nanorods and pure ZnO samples 

3.3.2. UV-Vis Analysis for Estimating the Band Gap Energy 
of K-ZnO 

Figure 5 shows the UV–vis spectrum of the pure ZnO and 
K-ZnO nanoparticles. The absorption spectrum of the 
K-ZnO nanoparticles presents a maximum absorption peak 
around 369 nm which is the characteristic peak of hexagonal 
ZnO nanoparticles (Figure 5a). It was noted that the 
nanoparticles of K doped ZnO has a red-shift along with an 
absorption in the visible light region higher than the 
absorption of pure ZnO [15]. These results indicated that the 
energy of the visible light is enough to induce the 
electron–hole pairs of K-ZnO nanoparticles, which enhances 
its photocatalytic degradation of 2-naphthol. Hence the band 
gap of the photocatalyst has an important role in its 
photocatalytic performance [30]. The absorption coefficient 
(α) and the photon energy (hν) of the incident light 
(calculated from the UV-vis spectrum) were used to estimate 
the optical band gap energy of K-ZnO according to Tauc’s 
model (equation 11) [31]: 

αhν =  α0 (hν −  Eg)n          (12) 

 

Figure 5.  UV-vis spectra of (a) the as-prepared K-ZnO and pure ZnO and 
(b) the estimated band gap energies 

Where α, α0, are the absorption coefficient and the band 
tailing parameter (energy-independent constant) respectively, 
Eg, is the optical energy gap, n is the power factor of the 
transition mode (in this study n =2), hν  (is the photon 
energy) where h  is the plank’s constant and ν  is the 
frequency of the radiation. It is noted that the term n in 
equation (12) has different values based on the nature of the 
materials (amorphous or crystalline) and the type of the 
transition (allowed, not allowed and forbidden) as 1/2, 2, 3/2 
and 3. In this study the best fit of our experimental data was 
obtained with n = 2 . The values of Eg  of K-ZnO was 
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determined by plotting (αhν)2  versus hν , (as shown in 
Figure 5b) based on the rearrangement of Tauc’s model 
equation 12 becomes: 

(𝛼𝛼ℎν)2  =  𝛼𝛼0 (ℎν −  𝐸𝐸𝑔𝑔)          (13) 

The values of the energy gap of K-ZnO and pure ZnO 
were estimated by extending the linear part for each sample 
in Figure 5b to intersect (hν ) axis at (αhν)2 = 0. The 
obtained values were 2.94 and 3.21 eV for K-ZnO and pure 
ZnO respectively. This result indicated that the K-ZnO is 
more responsive to the visible light than pure ZnO. Also, 
confirmed the effectiveness of K-ZnO for the 
photodegradation of 2-naphthol in sunlight. 

3.4. Photocatalytic Degradation of 2-naphthol 

3.4.1. Effect of K-ZnO on the Photocatalytic Degradation of 
2-naphthol 

The photocatalytic activity of K-ZnO was investigated in 
the photocatalytic degradation of 2- naphthol under sunlight. 
The experiments performed at photocatalyst dose of 0.5g/L, 
temperature of 37°C and natural pH value of 7.3. Figure 6 
showed the comparison between pure ZnO and K-ZnO for 
the photodegradation of 2-naphthol. Also, the removal of 
2-naphthol by photolysis and adsorption process was 
investigated to confirm the efficiency of K-ZnO. The results 
indicated that doping process of ZnO with K produced 
K-ZnO as a very effective photocatalyst with a high response 
to the visible light. K-ZnO is excited with the energy of the 
sunlight to produce conduction band electrons (𝑒𝑒𝑐𝑐𝑐𝑐− ) and 
valence band holes (ℎ𝑣𝑣𝑣𝑣+ ) which are capable of initiating 
photoreduction and photooxidation of 2-naphthol, 
respectively. 

 

Figure 6.  Comparison of removal of 2-naphthol from aqueous solution 
using photolysis, adsorption, pure ZnO and K-ZnO, [2-naphthol]0 = 12 
mg/L, dose of photocatalyst = 0.5 g/L, T = 37 °C and pH = 10.5 under 
Sunlight 

The change in the concentrations of 2-naphthol     
( [2 − 𝑁𝑁𝑁𝑁𝑁𝑁ℎ]𝑡𝑡/[2 − 𝑁𝑁𝑁𝑁𝑁𝑁ℎ]0 ) with illumination time, 
indicated that about 95% disappearance occurred in 70 min 
of irradiation. This result can be explained in terms of 
presence of K in K doped ZnO nanoparticles in addition to its 
small particles size (35.2 nm to 48.9 nm) as determined by 
TEM analysis. Presence of K in K-ZnO led to increasing the 
response of K-ZnO to the visible light with enough energy to 
promote the photo redox species that are capable of 
photodegradation of 2-naphthol [28]. Furthermore, 

nanoparticles of K-ZnO would have large surface area which 
possess more available surface sits for photodegradation 
process [32]. However, in presence of pure ZnO under 
similar conditions the photocatalytic degradation of 
2-naphthol was very small with only about 21% 
disappearance in same photoperiod. Furthermore, it was 
noted that both direct photolysis and dark adsorption led to 
slight remove to 2-naphthol. Hence removal of 2-naphthol 
due to direct photolysis and dark adsorption was only 12% 
and 16% respectively over similar conditions.  

3.4.2. Effect of pH  

The type of surface charge of the photocatalyst is affected 
mainly by the value of its point of zero charge (pzc) and the 
pH of the suspended solution, which in turn has an important 
role on the degradation process. PZC of K-ZnO used in this 
study is about pH 7.3. Therefore, the surface of K-ZnO is 
carrying a positive charge in acidic medium and negative 
charge in basic medium. In this study, photocatalytic 
degradation of 2-naphthol was investigated at different pH 
values from 3.5 to 10.5 adjusted by HNO3 and/or NaOH. 
Figure 7, showed the change in the concentrations of 
2-naphthol with the change in the pH values. The 
photocatalytic degradation of 2-naphthol was relatively slow 
in acidic medium at pH 5 with about 80% degraded in 75 min. 
However, the rate constant increases by increasing the pH 
value (Table 2) and reached the maximum efficiency at pH 
10.5 with about 95% degradation in the same photoperiod. 
This result indicated that increasing the concentration of OH 
ions at pH 10.5 would enhance the generation of 𝑂𝑂𝑂𝑂• 
radicals which are the key for the degradation of 2-naphthol. 
Similar results were reported for different studies [32, 33].  

 

Figure 7.  Effect of pH value on photocatalytic degradation of 2-naphthol, 
[2-naphthol]0 = 12 mg/L, dose of K-ZnO = 0.5 g/L, T = 37 °C and pH = 3.5 
to 10.5 under Sunlight  

Table 2.  Rate constants of photocatalytic degradation of 2-naphthol at 
different pH values, 2-naphthol]0 = 12 mg/L, dose of photocatalyst = 0.5 g/L, 
T = 37°C under Sunlight 

pH k (min-1) R2 

5 0.0279 0.983 

7.3 0.0292 0.998 

9 0.0434 0.998 

10.5 0.0432 0.988 
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3.4.3. Effect of dose of K-ZnO 

The dose of the photocatalyst plays an important factor for 
the photocatalytic degradation process. Hence the dose 
affected the number of active sites on the surface and 
consequently the degradation rate [34]. The effect of dose of 
K-ZnO, experiments were performed at fixed pH 10.5 and 
12 mg/L of 2-naphthol with varying the amounts of the 
K-ZnO (0.25 to 1.5 g/L) under sunlight. The results (Figure 8) 
shows that the rate constant increases with an increase in the 
amount of K-ZnO within the studied range. Hence increasing 
the amount of K-ZnO led to increasing the number of the 
active sites on the surface of the photocatalyst. Therefore, 
there will be a high chance for the surface OH• radicals to 
attack high number of 2-naphthol molecules and increase the 
degradation rate constant as shown in Table 3. Similar results 
were reported previously for the degradation of congo red by 
ZnO [34]. In subsequent experiments 0.5 g/L of K-ZnO was 
used to avoid using more dose of catalyst. 

 

Figure 8.  Effect of K-ZnO dose on photocatalytic degradation of 
2-naphthol, [2-naphthol]0 = 12 mg/L, dose of K-ZnO = 0.5 g/L, T = 37°C 
and pH = 3.5 to 10.5 under Sunlight 

3.4.4. Effect of Initial Concentration 

The effect of the initial concentrations of the pollutant 
such as 2-naphthol has a significant effect on the 
photodegradation rate [35]. In this study, the effect of four 
different concentrations of 2-naphthopl were investigated in 
the range from 3.0 to 24 mg/L (2.08 x10-5 to 16.6 x10-5 mol/L) 
at 37°C. The results showed that the degradation rate varied 
with the change in the initial concentration. To investigate 
the kinetic of the photocatalytic reaction of 2-naphthol, 
linear form of both the pseudo first-order and the pseudo 
second-order reaction were employed (equations 10-11). All 
different initial concentrations were in a good agreement 
with the exponential function of the pseudo first-order 
reaction as shown in Figure (9a). It is indicated that the 
photocatalytic degradation 2-naphthol followed a 
pseudo-first order reaction with respect to the range of the 
concentrations in this experiment based on the value of 
coefficient of determination (R2) as shown in Table 4. The 
obtained values of the rate constants k1 (min-1) found to 
decrease from 0.0620 to 0.0217 min-1 with increasing the 
initial concentration of 2-naphthol from 2.08 x 10-5 to 16.6 x 
10-5 mol/L as shown in Table (4). At low concentration of 
2-naphthol in the solution led to small ratio of adsorbed 

molecules on the surface compared to the number of active 
sites at fixed amount of the photocatalyst. This would 
enhance the photocatalytic degradation of the 2-naphthol. On 
the other hand, increasing the concentration of 2-naphthol 
would require a number of active sites higher than the 
available sites on the same fixed amount of K-ZnO. In 
addition, high concentration of 2-naphthol may increase the 
covering area on the surface of K-ZnO and consequently 
decrease the formation of 𝑂𝑂𝑂𝑂•  radicals [32]. Hence 
decreases the degradation rate of 2-naphthol. This results 
were in a good agreement with previous reports [34, 36]. To 
investigate the relationship between the initial rate of 
photodegradation and the initial concentration of the 
pollutant, Langmuir–Hinshelwood (L–H) equation was used 
[13, 32]. This model is describing the photocatalytic 
degradation process occurred onto the surface of the 
photocatalyst. According to the linear form of L-H (equation 
14), the reciprocal initial rate is plotted versus the reciprocal 
initial concentration as shown in Figure (9b).  

 
Figure 9.  Effect of initial concentration on the degradation rate of 
2-naphthol (a) First-order reaction plot and (b) the Langmuir–Hinshelwood 
plot: [2-naphthol]0 = 3.0 to 24 mg/L, dose of K-ZnO = 0.5 g/L, T = 37°C 
and pH = 10.5 under Sunlight 

1
r0

 =  1
k

 + 1
k KL−H

 1
[2−naph ]0

            (14) 

where r0, is initial rate of the photodegradation, k is the 
reaction rate constant (mol/l min), KL−H  is the 
Langmuir-Hinshelwood equilibrium adsorption coefficient 
(l/mol) and [2 − naph]0  is the initial concentration of 
2-naphthol. The experimental data showed a good fit with 
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L-H model. The values of the reaction rate constant (k) 
obtained as 0.681 (mol/l. min) and the adsorption coefficient 
of the reactant (KH-L) as 18350 (l/mol). The linearity of L-H 
model along with resendable value of K indicated that the 
photocatalytic degradation of 2-naphthol is taking place 
mainly on the surface of K-ZnO. It is better to note that in all 
subsequent experiments the initial concentration of 
2-naphthol was used as 12 mg/L to investigate the effect of 
other parameters.  

Table 3.  Rate constants of photocatalytic degradation of 2-naphthol at 
different K-ZnO doses, [2-naphthol]0 = 12 mg/L, dose of K-ZnO = 0.5 g/L, 
T = 37°C and pH = 3.5 to 10.5 under Sunlight 

K-ZnO Dose (g/L) k (min-1) R2 

0.25 0.0131 0.993 

0.50 0.0235 0.983 

1.0 0.0343 0.9843 

1.5 0.0535 0.993 

3.5. Adsorption of 2-naphthol on the K-ZnO Surface 

Different concentrations from 3.0 to 24 mg/L (2.08 x10-5 
to 16.6 x10-5 mol/L) were used to study the dark adsorption 
experiments of 2-naphthol on K-ZnO surface for 4.0 hr. The 
amount of 2-naphthol adsorbed on the surface (𝑞𝑞𝑒𝑒) of K-ZnO 
at equilibrium are calculated according to equation 7. 

Table 4.  First-order and second-order rate constants of photocatalytic 
degradation of 2-naphthol at different initial concentrations, [2-naphthol]0 
= 3.0 to 24 mg/L, dose of K-ZnO = 0.5 g/L, T = 37°C and pH =10.5 under 
Sunlight 

 First-order Second-order 

[2-naph], 
mol/L 

k1 
(min-1) 

R2 
k2 

(M-1min-1) 
R2 

2.08 x 10-5 0.0620 0.9934 54163.16 0.743 

4.16 x 10-5 0.0444 0.9957 7909.7 0.836 

8.32 x 10-5 0.0356 0.9962 1893 0.892 

16.6 x 10-5 0.0217 0.9902 305.42 0.914 

While the equilibrium concentrations (𝐶𝐶𝑒𝑒) in the solution 
calculated from the calibration curve and the absorbance of 
2-napthol at λmax of 228nm. The relation between 𝑞𝑞𝑒𝑒  and 
𝐶𝐶𝑒𝑒  at constant temperature which is called the adsorption 
isotherm is shown in Figure 10a. The adsorption isotherm of 
this experiments was found to follow the Langmuir model 
(equation 15) with very high coefficient of determination 
(𝑅𝑅2 = 0.992).  

1
𝑞𝑞𝑒𝑒

=  1
𝑞𝑞𝑚𝑚𝑎𝑎𝑎𝑎

 +  1
𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚  𝐾𝐾𝐿𝐿  

. 1
𝐶𝐶𝑒𝑒

          (15) 

where qmax  is the maximum amount of 2-naphthol 
adsorbed on the surface of K-ZnO at a complete monolayer 
(mg/g) and  KL  is the Langmuir adsorption constant (L/mg) 
which is related to the free energy of adsorption. A plot of 
1/qe  versus 1/Ce  for the adsorption of 2-naphthol (Figure 
10b) gives a straight line of slope 1/(qmax  KL) and intercept 
1/qmax  which are used to calculate Langmuir constants. 
The maximum adsorption capacity of 2-naphthol on K-ZnO 
(qmax ) was found to be 3.29 x10-5 mol/g (4.74 mg/g) and the 

Langmuir constant (KL) is 1496.70 (L/mol).  
As discussed previously, the value of adsorption constant 

calculated from the Langmuir–Hinshelwood model (KL-H) 
for the photocatalytic degradation is 18350 L/mol. It can be 
noted that the adsorption rate of 2-naphthol in the light is 12 
times more than the adsorption in the dark. It is indicated that 
the irradiated light would affect the adsorption rate along 
with the electronic properties of K-ZnO [32, 37]. Several 
studies have shown similar results for different compounds 
[38, 39]. It can be concluded that the adsorption of 2- 
naphthol on the surface of K-ZnO would enhance the 
degradation rate by the adsorbed OH•  radicals [13], 
However, the adsorption process is not only the key for the 
degradation of the pollutant, hence the adsorbed OH• 
radicals may diffuse into the bulk solution and continue the 
process [37].  

 

Figure 10.  (a) Adsorption isotherm of 2-naphthol on K-ZnO surface and 
(b) Langmuir isotherm model, [2-naphthol]0 = 3.0 to 24 mg/L, dose of 
K-ZnO = 0.5 g/L, T = 37 °C, pH = 10.5 and Time = 4.0 hr 

3.6. Mechanism and Type of the Photocatalytic 
Degradation Reaction 

It is valuable to investigate the mechanism and the type of 
the photocatalytic degradation reaction of 2-naphthol on the 
surface of K-ZnO. Many reports have been devoted to 
understand that mechanism of photocatalysis [13]. The 
influence of different electron (ecb

− ) and hvb
+ /OH•  radical 

scavengers on the rate was mainly used to provide valuable 
information. Different scavengers were added to eliminate 
one route of degradation at a time.  

3.6.1. The Effect of Electron Scavengers  
Silver ion (Ag+) and molecular oxygen (O2) were used as a 



50 Taha M. Elmorsi:  Toward Visible-Light Responsive Photocatalysts: Nano-Potassium  
Doping Zinc Oxide (K-ZnO) for Degradation of 2-Naphthol 

 

conduction band electron ( 𝑒𝑒𝑐𝑐𝑐𝑐− ) scavengers. In this 
experiment, electron scavenger is useful to confirm that the 
photocatalytic degradation of 2-naphthol was an oxidative 
process. It is expected that electron scavengers would inhibit 
the rate of degradation of 2-naphthol if it was being reduced 
by reaction with 𝑒𝑒𝑐𝑐𝑐𝑐− . While, the presence of the 𝑒𝑒𝑐𝑐𝑐𝑐−  
scavengers could enhance the rate of photocatalytic 
degradation if 2-naphthol was being oxidized by 𝑂𝑂𝑂𝑂• [13]. 
Ag+ ion, is known as an effective electron scavenger due to 
its reduction by 𝑒𝑒𝑐𝑐𝑐𝑐−  to metallic silver (𝐴𝐴𝐴𝐴(𝑠𝑠)) according to 
equation (16): 

 Ag+ +  ecb
−  → Ag(s)            (16) 

To avoid the interference between the scavenging effect of 
𝐴𝐴𝐴𝐴+ ion and molecular oxygen as an electron scavenger. 
The experiment performed by minimizing the concentration 
of oxygen by purging water with N2 gas for one hour prior 
adding 2-naphthol. The results (Figure 11) indicated that the 
rate of photocatalytic degradation of 2-naphthol enhanced in 
the presence of 1.5 mM 𝐴𝐴𝐴𝐴+ . This may be attributed to 
increasing the concentration of 𝑂𝑂𝑂𝑂• radicals by a decrease 
in the degree of electron-hole recombination [13]. This result 
confirmed that the 𝑂𝑂𝑂𝑂•  radicals are the main oxidizing 
species for degrading 2-naphthol by photooxidation process. 
Furthermore, molecular oxygen is another 𝑒𝑒𝑐𝑐𝑐𝑐−  scavenger 
due to its conversion to the superoxide anion radical (𝑂𝑂2

• −) 
[13]. Then 𝑂𝑂2

• − will eventually reproduce adsorbed oxygen 
(𝑂𝑂2 (𝑎𝑎𝑎𝑎 )). The photocatalytic degradation of 2-naphthol was 
rapid in presence of the natural level of O2 (line namely no 
scavengers in Fig.11) in the solution (without purging more 
O2). While decreasing the level of dissolved oxygen by N2 
purging in the solution for an hour, led to a significant 
decrease in the degradation rate by about 30%. It appears that 
reducing the scavenging effect of 𝑒𝑒𝑐𝑐𝑐𝑐−  enhances the degree 
of electron-hole recombination and decreases the available 
amount of 𝑂𝑂𝑂𝑂• radicals. Decreasing the degradation rate of 
2-naphthol due to the absence of more 𝑂𝑂𝑂𝑂•  radicals is 
further confirming for the photooxidation process.  

 

Figure 11.  Effect of electron scavengers on the photocatalytic degradation 
of 2-naphthol, [2-naphthol]0 = 12 mg/L, dose of K-ZnO = 0.5 g/L, T = 37°C 
and pH = 10.5 under Sunlight  

3.6.2. The Effect of OH• Radical Scavengers 
To further confirm the photooxidation process of 

degradation of 2-naphthol, experiment performed in 
presence of 𝑂𝑂𝑂𝑂•  radical scavengers. Tert-butyl alcohol 
(TBA) and Cu2+ in presence of Ag+ ions were used. The 

result in Figure 12 showed that the degradation rate of 
2-naphthol, was significantly decreased in the presence of 
TBA. Hence TBA is weakly adsorbed onto the surface of a 
photocatalyst [40], it is mainly reacted with free 𝑂𝑂𝑂𝑂• 
radicals ( 𝑂𝑂𝑂𝑂•

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ) which available for photooxidation. 
Presence of TBA inhibited the degradation of 2-naphthol as 
shown in Figure 12.  

Furthermore, the photodegradation of 2-napthol was 
strongly inhibited due to the addition of 1.5 mM of 𝐶𝐶𝐶𝐶2+ ion 
in presence of 1.5mM 𝐴𝐴𝐴𝐴+ ions lending further support for 
an oxidative degradation. Presence of 𝐴𝐴𝐴𝐴+  ions in the 
solution reduced 𝐶𝐶𝐶𝐶2+ ions to unstable 𝐶𝐶𝐶𝐶+. Consequently, 
the reactive 𝐶𝐶𝐶𝐶+ ions formed [13] compete with 2-naphthol 
for the oxidants, ℎ𝑣𝑣𝑣𝑣+ /𝑂𝑂𝑂𝑂𝑎𝑎𝑎𝑎•  according to equation 17. 

Cu+  + hvb
+ /OHad

•  → Cu2+         (17) 
It can be concluded that the degradation of 2-naphthol in 

this study proceeds mainly by photooxidation mechanism 
through OH• radicals either free or adsorbed on the surface 
of K-ZnO. It is worthy to note that the adsorption 
experiments discussed previously, further confirmed the 
photooxidation process via the OHad

•  radicals.  

 

Figure 12.  Effect of OH•  radical Scavengers on the photocatalytic 
degradation of 2-naphthol, [2-naphthol]0 = 12 mg/L, dose of K-ZnO = 0.5 
g/L, T = 37 °C and pH = 10.5 under Sunlight 

3.7. Mineralization of 2-naphthol 

To study the mineralization of 2-naphthol, a preliminary 
experiment was performed in aqueous solution of 2-naphthol 
(12 mg/L) with 0.5g/L K-ZnO using visible light. The extent 
of the photodegradation and the changes in the characteristic 
absorbance band of 2-naphthol were monitored by 
UPLC/MS. As shown in Figure 13, at time zero min, the 
UPLC chromatogram showed a main peak with retention 
time of 8.93 min which is corresponding to 2-naphthol. The 
intensity of that peak started to decrease due to the progress 
of the degradation reaction and reached a significant 
decrease after 30 min. Then a dramatic disappearance of 
2-naphthol peak (at 8.93 mi) occurred at a period of 70 min 
of the degradation reaction. Although minor peaks appeared 
at different times, they were lower than the detection limit to 
find out their mass spectra for identification. It is apparent 
that if there was an intermediate species during the 
degradation process, they degraded at equal rate of the parent 
2-naphthol. As reported previously [3], there are two 
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different mechanisms to emphasis the degradation of some 
aromatic compounds which may confirm this result. One 
mechanism may occur by the direct attack of the redox 
species on the aromatic ring, leading to its break and a 
gradual decrease in the characteristic absorption band of the 
parent compound. In this case, there is no intermediates may 
form during the degradation and consequently no band 
displacement in their spectra. The second mechanism may 
occur by chemical substitution in the aromatic ring forming 
different intermediates, which may have led to a 
displacement of the characteristic absorption bands of the 
parent pollutant [41-43]. As shown in the UPLC 
chromatograms of 2-naphthol (Figure 13), there was a 
gradual decrease in the characteristic absorption band of 
2-naphthol. Also, there was not a new significant band in the 
chromatograms. It can be concluded that photocatalytic 
degradation of 2-naphthol was effective by using K-ZnO 
under sunlight. This process resulted in a mineralization of 
2-naphthol by direct attack on the aromatic ring.  

 

Figure 13.  (a) UPLC chromatograms at 228 nm (and TIC obtained at 8.93 
min is 2-naphthol at different time of photocatalytic degradation; 0.0 min, 
30 min and 70 min, (b) mass spectra of TIC at 8.93 min (for 2-naphthol) m/z 
= 144.95 

4. Conclusions 
The result of this study indicated that nanorods of K-ZnO 

(0.5g/L) effectively degraded about 95% of 2-naphthol   
(12 mg/L) under direct sunlight in 70 min at pH 10.5. As 
prepared K-ZnO was characterized by several techniques 
such as crystal structural, morphology analysis and 
spectroscopic measurements. ICP-AES and SEM/EDX 
confirmed doping process of K -ZnO. Photooxidation 
mechanism of 2-naphthol was predominant route, in this 
study, as confirmed by different scavengers. Furthermore, 
photocatalytic degradation occurred on the surface of K-ZnO 
as confirmed by Langmuir-Hinshelwood model along with 
adsorption experiments.  

Presences of different scavengers of OH•  and ecb
−  

supported a photooxidation reaction. UPLC/MS analysis 
confirmed the mineralization of 2-naphthol using K-ZnO in 
presence of sunlight.  
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