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A B S T R A C T   

Zinc oxide (ZnO) nanorods were coated on glass substrates and used as photocatalysts to evaluate the kinetic 
behavior of three different aromatic structures: i) single aromatic ring (phenol), ii) poly-aromatic ring (methy
lene blue), and iii) complex macromolecule (humic acid). The kinetics of all the tested molecules obey a pseudo- 
first-order model regardless of their initial concentrations. The apparent rate constants are largely controlled by 
the bond dissociation energy and the number of oxidation steps in each organic molecule. For instance, meth
ylene blue presents the weakest dissociation bond energy and the highest degradation rate constant compared to 
humic acid and phenol.   

1. Introduction 

A prospering chemical industry plays a pivotal role in today’s 
economy, contributing to 4% of global gross domestic product (GDP) 
and directly employing over 15 million people [1,2]. Furthermore, 
progressive industrial development continues to supply the main eco
nomic sectors with a diverse range of chemicals, where these substances 
are utilized in the production of various end products, ranging from 
pharmaceuticals and fertilizers to smartphones and machinery compo
nents [1]. However, when some of these chemicals reach the ecosystem, 
they become a major environmental concern [3]. Amongst these, phenol 
for example is utilized either as a raw material or an intermediate (35% 
of its total usage) in the synthesize a variety of products, including 
herbicides, paints, cosmetics, lubricants, phenolic resins, plastics, and 
nylons, in addition to alkylphenols and ethoxylated components [3]. 
However, the phenolic molecule is broadly known for its acute toxicity 
and recalcitrant nature, posing significant harm when released into the 
environment [4]. 

Conversely, humic acid (HA) is a macromolecule of polymeric 
phenolic structure, classified as a natural organic matter (NOM) and 
widely found in soil and surface water [5]. The substance has been 
mainly known for its important role in soil fertility, and in chemical 
industries such as the production of concrete, ceramics, plastics, and 

papers [6]. However, the presence of these molecules in water supplies 
is highly undesirable because they display a high sorbing capacity for 
other pollutants in aquatic mediums, and increase the level of total 
organic pollution [7]. For instance, their reaction with halogen-based 
oxidants leads to the formation of trihalomethanes (THM) with poten
tial carcinogenic effects [8]. HA is also known for inducing cytotoxicity 
in many mammalian cells, growth retardation, and apoptosis in fibro
blasts [9]. 

Methylene blue (MB) is a hetero-polyaromatic dye of wide industrial 
application, however, because the molecule is non-biodegradable, its 
accumulation in aquatic mediums could increase its toxicity to harmful 
levels [10]. In addition, the molecule was recently found to be toxic and 
carcinogenic [11]. 

On the other side, due to the recalcitrant nature of these molecules, 
conventional treatment techniques (flocculation, coagulation, activated 
carbon, chemical precipitation, biodegradation, and filtration) and 
established recovery processes (evaporation, solvent extraction, ionic 
exchange, membrane separation/bioreactors, and electrochemical) 
have proven to be quite inefficient [12]. In this context, advanced 
oxidation processes (AOPs) such as photochemical oxidation, catalytic 
wet oxidation, sonochemical oxidation, ozone (O3) oxidation, electro
chemical oxidation, Fenton oxidation, and photocatalysis are considered 
advantageous and cost-effective technologies for treating a wide 
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spectrum of recalcitrant organic molecules in aquatic environments 
[13]. Particularly heterogeneous photocatalysis, a technique that is 
based on harvesting light energy, has been rapidly gaining attention 
[14,15]. Generally, the system generates electron-hole (e− _ h+) pairs 
when a semiconducting material is exposed to a light source [15]. These 
electron-hole pairs are known for their capability of producing highly 
reactive oxygen species (ROS) such as hydroxyl radical (OH•) and su
peroxide radical (O2

•-) with strong oxidation ability towards organic 
matter [13]. This process leads to the total mineralization of the organic 
compounds into less harmful compounds such as water (H2O) and car
bon dioxide (CO2) [13]. Therefore, secondary disposal treatments are 
not required. 

The photocatalytic degradation of these molecules is mainly gov
erned by several parameters, such as the pH, molecules’ initial con
centrations, light source/intensity, and the presence of electron/hole 
scavengers [16]. Although the effect of such parameters on the degra
dation kinetics has been extensively studied in numerous works 
[16–18], to the best of our knowledge, no one has reported yet on how 
the difference in molecular structures and bond energy impact the rate 
of decomposition. In this sense, as each molecule follows a specific 
degradation pathway, the resulting oxidation steps will determine the 
apparent rate constant. In this work, we present a comparative degra
dation study of different molecular structures over zinc oxide (ZnO) 
nanorods (NRs) deposited on glass substrates by a hydrothermal growth 
method. The purpose of immobilizing the photocatalyst is to prevent the 
agglomeration of NRs and to eliminate the need for a recovery step at the 
end of photocatalysis. In addition, the choice of ZnO nanorods is sup
ported by the non-polar characteristic of the majority of its surface, 
which exhibits low selectivity towards polar molecules [19]. For this 
reason, the kinetic data was extracted from the photocatalytic degra
dation of i) single aromatic ring (phenol, molecular weight (M.W.) =
94.11 g/mol), ii) poly-aromatic rings (MB, M.W. = 319.85 g/mol), and 
iii) complex macromolecules (HA, M.W. > 1000 g/mol). 

2. Experimental section 

2.1. Chemicals 

Analytical grade Zinc acetate dihydrate (Zn (CH3COO)2⋅2H2O) 
(97%), Zinc nitrate hexahydrate (Zn (NO3)2⋅6H2O), and Hexamethy
lenetetramine ((CH2)6N4) were purchased from ACROS organics Spain. 
Phenol detached crystals (99+ %) were obtained from Fischer Scientific 
U.K. Humic Acid (technical grade) was obtained from Sigma–Aldrich 
Canada. Methylene Blue (laboratory reagent) was obtained from Pas
kem, India. 

2.2. Synthesis of ZnO NRs on glass substrate 

ZnO NRs were coated on microscope glass slides (4.5 cm × 2.5 cm) 
by a hydrothermal growth process [20]. First, the glass substrates were 
successively cleaned with soap water, ethanol, acetone, and deionized 
water (DI). Then, a ZnO layer was seeded on top of the preheated sub
strates at 350 ◦C, by spraying 10 mM zinc acetate in DI water (25 ml) at a 
flow rate of 1 ml/min, as seen in Scheme 1. Subsequently, the seeded 
substrates were soaked in a chemical bath at 90 ◦C, containing equi
molar concentrations (10 mM) of zinc nitrate hexahydrate as a precursor 
and hexamethylenetetramine as a nanostructuring agent. The bath was 
replenished with both solutions every 5 h, and this cycle was repeated 3 
times. The as-grown NRs were thoroughly washed with DI water and 
post-heated in the air at a temperature (T) = 350 ◦C for 1 h to ensure the 
removal of any remaining organic compounds within the metal oxide 
structure. 

2.3. Characterization techniques 

The crystalline structure of the ZnO films was analyzed with a D8 
Discover X-ray diffractometer, equipped with a copper (Cu) emitter 
anode (K-alpha (Kα) emissions, Kα1 and Kα2 of wavelength (λ) 1.54056 
and 1.5444 Å respectively) and a 1D LYNEXEYE XE-T detector (Bruker). 

The surface morphology and the film’s thickness were evaluated by a 
field emission gun scanning electron microscope (FEG-SEM) model 
MIRA 3 TESCAN, set to a voltage of 15kV. 

The nanostructure and the lattice fringes’ spacing were examined by 
a transmission electron microscope (TEM) model TWIN 120 (TECNAI 
SPIRIT) equipped with a JEOL 100CF apparatus and coupled with 
selected area electron diffraction (SAED). Energy-dispersive spectros
copy (EDS) was acquired in Scanning transmission electron microscopy 
(STEM) mode. 

X-Ray Photoelectron Spectroscopy (XPS) analyses were performed 
using an Omicron Argus X-ray photoelectron spectrometer, equipped 
with a monochromated AlKα radiation source (hν = 1486.6 eV) and a 
280 W electron beam power. The emission of photoelectrons from the 
sample was analyzed at a photoelectron collection angle of 450 under 
ultra-high vacuum conditions (≤ 10–9 mBar). Spectra were carried out 
with a 100 eV pass energy for the survey scan and 20 eV pass energy for 
core levels regions. Binding energies were referenced to the carbon (C) 1 
s peak due to carbon bound to only carbon and hydrogen at 284.8 eV and 
element peak intensities were corrected by Scofield factors. The peak 
areas were determined after subtraction of a U 2 Tougaard background. 
The spectra were fitted using Casa XPS software (Casa Software Ltd., U. 
K.) and applying a Gaussian/Lorentzian ratio g/l equal to 70/30 for 
deconvolution. 

Scheme 1. Synthesis procedure of the ZnO nanorods.  
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The functional groups at the film’s surface were analyzed by Fourier- 
transformed infrared (FTIR) in attenuated total reflection (ATR) mode 
with an incidence angle of 450 and a 4 cm− 1 resolution using a Spectrum 
400 model from PerkinElmer, equipped with an FR-DTGS detector (fast 
recovery Deuterated Triglycine Sulfate detector). 

The absorbance of the deposited ZnO nanorod films and the tracking 
of the degradation of organic molecules were performed at room tem
perature by using a Specord 50 plus ultraviolet (UV)-visible spectro
photometer from Analytic-Jena, Germany. 

2.4. Set-up of the photocatalytic system 

The as-prepared ZnO (NRs) films were immersed inside Pyrex pho
tocatalytic reactors of 50 ml, filled with 45 ml of MB, phenol, and HA 
aqueous solutions, respectively. Three different concentrations of 5, 10, 
and 20 ppm were used for each molecule. In all cases, the dipped area of 
the films corresponds to 10 cm2. The photocatalytic reactors were 
initially kept in the dark for 12 h to demonstrate the insignificant 

adsorption of the polar molecules at the non-polar surface of the ZnO 
NRs. The photocatalytic tests were carried out at room temperature (RT) 
for 6 h using an ultraviolet A (UVA) lamp of λ = 365 nm. The light source 
was placed at 5 cm from the photocatalyst surface. The received illu
minance by the photocatalysts was measured by a Testo 450 luxmeter of 
±3% precision (from Testo, France) and found to be equal to ~500 lx. 
The photocatalytic degradation of the organic molecules was tracked by 
UV–visible spectroscopy with a sampling interval of 1 h. 

3. Results and discussion 

3.1. ZnO NRs microstructure 

3.1.1. Morphology 
A field emission gun scanning electron microscope was used to 

evaluate the films’ microstructure. Fig. 1a reveals well-aligned nanorods 
with respect to each other. All the rods are characterized by hexagonal 
shapes, straight sides, and regular ends (Figs. 1a & b). The lengths, and 

Fig. 1. (a) SEM top view image for ZnO NRs after post-heat treatment in the air at 350 ◦C for 1 h. Inset: Cross-sectional view of “a”, (b) High magnification view of 
“a”. Inset: Nanorods with a common hexagonal shape, (c) TEM images of an extracted bush-like fragment from the ZnO film of “a”. Inset: Schematic illustration of a 
grown rod in the +c direction, (d) Free-standing ZnO nanorod separated with sonication. Inset: Zoomed-in view of “d”. 
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diameters of ZnO NRs were estimated by analyzing the SEM micro
graphs with ImageJ software. For that purpose, the rods’ boundaries 
were carefully highlighted by a threshold segmentation step to identify 
them. As a result, the nanorods are characterized by an average diameter 
(w) of ~ 50 nm (population standard deviation σ = 4.7 nm), a length (l) 
of ~ 1.55 μm (population standard deviation σ = 0.14 μm), and a 
remarkably high ratio of l:w ~ 31. Moreover, the average film’s thick
ness is found ~1.38 μm. 

The morphology was further investigated using transmission elec
tron microscopy. Fig. 1c shows a typical low-magnification TEM image 
of an intact section that was finely extracted from the ZnO film. As can 
be seen, each nanorod exhibits a uniform diameter along its entire 
length, indicating anisotropic growth along the +c-axis direction (inset 
of Fig. 1c). Moreover, the individual rods appear to be well-faceted 
along the ±c-axis (Fig. 1d) with highly defined crystal boundaries and 
very few surface defects (inset of Fig. 1d). 

The EDS spectrum of ZnO nanorods confirms the presence of zinc 
(Zn), and oxygen (O) elements of the ZnO NRs, in addition to the Cu and 
C components of the TEM grid (Fig. S1a). Consequently, an atomic ratio 
Zn:O of ~0.38:0.62 (± 0.017) is detected, deviating from the stoichio
metric ratio of 1:1, and therefore indicating the potential presence of 
defects [21]. The elemental distribution of Zn and O within the NRs is 
shown in Fig. S1c & d. Furthermore, the surface states of ZnO NRs were 
studied using X-ray photoemission spectroscopy. The distribution of the 
Zn 2p in Fig. S2a shows two centered peaks at ~1021.2 eV and ~ 
1044.4 eV, corresponding to the Zn 2p3/2 and Zn 2p1/2 (correlated with 
the Zn–O bonding) [22]. However, the fitted O 1 s by three Gaussian 
components, reveals 3 centered peaks; Oa (530.5 eV), Ob (531.7 eV), and 
Oc (532.7 eV); attributed to Zn–O bonding, O2− ions in oxygen- 
deficient regions, and chemisorbed H2O molecules (or dissociated O2 
or OH species on the surface of ZnO), respectively (Fig. S2b) [23]. The 
binding energy component at 531.7 eV (oxygen deficiency) accounts for 
almost 43% of the O 1 s spectrum. These defects can increase the number 
of trapped electrons/holes, leading to the formation of hydroxyl radical 
(OH•), superoxide radical (O2

•-), and other oxygenated radical species. 
These radicals are highly efficient in degrading organic pollutants in 
water [23]. Furthermore, the XPS analysis demonstrates an O content of 
~38.6%, higher than that of the Zn (~ 23.1%), and in good agreement 
with the EDS measurements (similar Zn:O ratios are obtained). 

3.1.2. Surface area 
Because the Brunauer–Emmett–Teller (BET) technique requires both 

destructive the removal of the thin film and a large sample size (over 100 
coated glass substrates), the exposed surface area (SA) of the ZnO 
nanorod films was estimated from Eq. 1 [24]. This estimation assumes 
that all the rods are characterized by a regular hexagonal shape. 

SA =

[
1
4

(
3

̅̅̅
3

√
w2

)
+ 3wl

]

d (1)  

where w, l, and d refer to the average diameter, the average length, and 
the average density of the nanorods (counting per μm2), respectively. 
The latter was obtained from the analysis of the SEM micrographs as 
previously depicted (~5.5 NRs/μm2). Therefore, a SA of ~ 350 cm2 was 
measured, corresponding to a 10 cm2 coated substrate. After measuring 
this surface area, the film was carefully extracted with a fine blade and 
weighted with an analytical balance. As a result, a specific surface area 
of ~25 m2/g was obtained, which is quite comparable to its observed 
counterpart on synthesized material with similar procedures [24] and 
threefold higher than that of commercial ZnO nanorods [25]. Moreover, 
the obtained SA is higher than most of the reported values for different 
microstructures of ZnO such as tetrapods [25], flower-like microparti
cles [26], nanowires [27], macroporous foam [28], and porous thin 
films [29]. Although hollow sphere ZnO films exhibit a relatively higher 
SA, their fabrication procedure is quite complex and expensive, in 
addition to the requirement of carbon-based templates [30]. The 

synthesis approaches, type of nanostructure, and surface areas of ZnO 
coatings in this work and other recent studies are listed in Table 1. 

3.1.3. Crystalline structure 
The XRD data of the as-synthesized ZnO nanorods show a charac

teristic pattern of hexagonal wurtzite crystal structure confirmed by the 
JCPDS No. 01–086-3978 with a = b = 3.248 Å and c = 5.202 Å (Fig. 2a) 
[23]. The strongest diffraction at 34.460 demonstrates a preferential 
orientation along the (002) crystal plane, confirming the anisotropic 
growth in the +c-axis direction. The formation of this nanostructure 
during the hydrothermal-growth mechanism is primarily directed by the 
hexamethylenetetramine structuration agent (non-polar). It was sug
gested that this molecule preferentially chelates and covers the non- 
polar sides of the hexagonal rods, leaving, therefore, its top polar facet 
exposed for growth [31]. Consequently, this process leads to the for
mation of ZnO nanorods with high crystallinity. 

Additionally, the TEM images in Fig. 2b (lower inset) clearly reveal 
that the crystal boundaries are well-defined and characterized by reg
ular lattice fringes of 0.262 nm. This value corresponds to the inter
planar spacing of d002 and further supports the nanorods’ preferential 
orientation in the (002) direction. The SAED pattern on the other side 
came to combine altogether regularly organized dots that correspond to 
the (002) growth direction with a weakly pronounced circular ring 
representing the (103) plan (Fig. 2b (upper inset)). This agrees well with 
the XRD measurement. 

Besides the well-known impact of the crystallinity on the photo
activity of ZnO, another important factor that significantly affects it, is 
the material texturization [13]. Therefore, mono-crystal ZnO with a low- 
defected surface was reported to exhibit superior photocatalytic activity, 
making it a good candidate for the removal of organic contaminants 
[23]. 

3.1.4. Surface functions 
The vibrational behavior of Zn–O bonds was characterized by FTIR 

spectroscopy and plotted in Fig. 3. The spectrum of zinc oxide nanorods 
shows 4 functional groups located at 540, 750, 895, and 1063 cm− 1. 

The strong absorption peaks at ~540 and 750 cm− 1 represent the 
stretching vibrations of Zn–O bonds [32] and thus confirm the forma
tion of zinc oxide coatings. In addition, it was suggested by da Silva-Neto 
et al. that the observed peak in the region of 895 cm− 1 is mainly asso
ciated with the tetrahedral coordination of Zn within the wurtzite ZnO 
lattice [33]. The weakest peak at ~1063 cm− 1 mainly arises from the 
C–O stretching vibration band of chemisorbed organic molecules at the 
film’s surface [34]. This confirms the need for annealing the as- 
synthesized films at T > 350 ◦C. 

3.1.5. Optical properties 
The optical properties of the films were determined at various steps 

of the synthesis of ZnO i) after deposition of seeded particles: ii) after 

Table 1 
Synthesis approaches and surface areas of ZnO coatings with different 
morphologies.  

Reference Synthesis Approach ZnO micro/ 
nanostructure 

Surface-Pore 
diameter 

Sulciute et al. 
[ 25] 

combustion method Tetrapods ~22 m2/g 

Pugliese 
et al. [ 26] 

hydrothermal process Flower-like 
nanoparticles 

~20 m2/g 

Gu et al. [27] Hydrothermal method Nanowires ~10.4 m2/g 
Kovačič et al. 

[28] 
High Internal Phase 
Emulsion Technique 

Macroporous 
foam 

~5.5 m2/g 

Smith et al. [ 
29] 

Magnetron sputtering Porous thin films ~ ~ 11.8 
m2/g 

Zhang et al. 
[30] 

Template-based method 
with carbon microspheres 

Hollow spheres ~ 37 m2/g 

This study Hydrothermal method Nanorods ~ 25 m2/g  

E.A. Daher et al.                                                                                                                                                                                                                                



Catalysis Communications 185 (2023) 106807

5

drying the as-grown ZnO nanorods at RT, and iii) after annealing the 
nanorods at 350 ◦C. As seen in Fig. 4a, the seeded ZnO layer (black 
curve) shows a significant absorption in the UV region <400 nm cor
responding to its intrinsic bandgap energy [35]. 

As the ZnO nanorods are grown and the film thickens, the absorbance 
intensity strongly increases by ~ 10 times at λ = 367 nm. This surge is 
accompanied by the appearance of a weak absorption area in the visible 
region from 400 to 800 nm (red curve). Such a progressive increase in 
the absorption profile from the visible to UV range is probably due to the 
film’s diffusivity (Inset Fig. 4a). Moreover, the effect of heat treatment 
on the nanorods resulted in a slight increase in the light absorbance 
below 400 nm. This behavior is probably due to the complete removal of 
chemisorbed organic precursors and the fine enhancement in crystal
linity (blue curve) [36]. The optical band gap (Eg) of ZnO was also 
calculated at each of the synthesis stages. For this reason, the first de
rivative of the absorbance with respect to photon energy (dA/dE), was 

plotted as a function of photon energy (E) (Fig. 4b) [37]. Hence, Eg 
could be found at the first maximum on the lower energy side. It is 
observed that upon the heat treatment, the optical bandgap slightly 
decreases from 3.30 to 3.29 eV, probably due to the formation of new 
donor and/or acceptor levels within the ZnO energy gap, such as oxygen 
and zinc defects (similar value was also obtained by Tauc plot in Fig. S4) 
[23]. 

3.2. Kinetic degradation of phenol, methylene blue (MB) and humic acid 
(HA) 

The photodegradation kinetics are intimately related to the type and 
intensity of irradiation sources, the bandgap energy of the photocatalyst, 
and the initial concentration of organic molecules, in addition to their 
molecular structures [16,38]. The latter could strongly affect the 
degradation rate due to the difference in the molecular geometry and 
bond energy of each component. Thus, the photocatalytic degradation 
was performed as a function of the type and the initial concentration of 
organic molecules under UVA irradiation of λ = 365 nm. The choice of a 
365 nm irradiation wavelength is encouraged by the very low absor
bance of organic molecules in the UVA range, limiting their degradation 
by photolysis. 

3.2.1. Effect of the initial concentrations 
Generally, the generation/migration of the photo-generated elec

tron-hole pairs and subsequently their direct reaction (or that of the 
produced ROS) with the organic molecules occur successively [39]. In 
this respect, each of these steps may become rate-determining for the 
photocatalytic mechanisms. Hence, it was shown that at high initial 
concentrations (C0 in ppm) of organic compounds (K.C0≫1, K refers to 
the adsorption equilibrium constant), the reaction rate is mainly gov
erned by the generation and migration of e− _ h+ pairs, and thus it slowly 
increases with C0 or remains constant (zero-order reaction) [40]. 
However, at relatively low initial concentrations (1≫K.C0), the chemi
cal reactions between the ROS and the molecules determine the reaction 
rate, which may be commonly noticed by a significant increase of the 
rate while increasing C0 [40]. Thus, to predict the effect of the molecule 
structures on the degradation rate and oxidative mechanisms, a rela
tively low initial concentration range between 5 and 20 ppm was cho
sen. The photocatalytic degradations of phenol and humic acid (5, 10, 
and 20 ppm) were conducted at RT, under an irradiation source of 365 

Fig. 2. (a) XRD pattern of ZnO NRs after post-heating in the air at 350 ◦C for 1 h, (b) TEM image of a free-standing ZnO nanorod. The insets show a high 
magnification area of “b” and its SAED respectively. 

Fig. 3. ATR-FTIR spectrum of the ZnO NRs after post-heating in the air at 
350 ◦C for 1 h. 
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nm, and over an experimental time of 360 min, as shown in Figs. 5a & b. 
The degradation kinetics were calculated from the Lang

muir–Hinshelwood kinetic model (Eq.2) [41]: 

r = −
dC
dt

=
Kr.K.C
1 + K.C

(2)  

where r, C, K, Kr, and t represent the reaction rate, molecule concen
tration at time t, adsorption equilibrium constant, limiting rate constant 
of reaction at maximum coverage, and contact time, respectively. 

At small initial concentrations, (K.C0≪1), Eq. 2 may be simplified to 
the apparent rate order (Eq.3) [41]: 

r = −
dC
dt

= Kapp.C (3)  

where Kapp, is the apparent degradation rate. Simple integration of this 

equation for C = C0 at t = 0 gives Eq. 4: 

ln
(

C0

C

)

= Kapp.t (4) 

Therefore, Kapp may be obtained from the slope of the linear curve in 
the plot of Ln (C0/C) vs. t, where (C0/C) is equal to (A0/A) according to 
the Beer-Lambert law Eq.5. 

A0 = ε×L×C0 (5)  

wherein A0, A, C0, C, ε & L refer respectively to the molecule light 
absorbance at t0, molecule light absorbance at t, molecule concentration 
at t0, molecule concentration at t, molar absorptivity, and length of the 
light path. 

The photocatalytic degradation curves reveal that the kinetics of all 
the tested molecules obey the pseudo-first-order. In the absence of the 

Fig. 4. (a) Room-temperature UV–vis absorbance spectrum of seeded ZnO, ZnO NRs after the hydrothermal growth, and ZnO NRs after the post-heat treatment in the 
air for 1 h. Inset: Digital photograph of the coated glass substrate with ZnO NRs after post-heat treatment, (b) Optical bandgap (Eg) obtained from the derivative of 
the absorbance spectrum of (c). 

Fig. 5. Comparative photodegradation kinetics under UVA light of λ = 365 nm between C0 = 5, 10, and 20 ppm of (a) Phenol and (b) Humic acid.  
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ZnO NRs, the blank solutions manifest insignificant Kapps. For instance, 
slightly detectable rates of ~6 × 10− 7 min− 1, and 8 × 10− 5 min− 1, are 
observed independently of the initial concentrations of phenol, and HA, 
respectively, indicating the negligible effect of photolysis (Fig. 5). 
However, this behavior is more pronounced in the case of MB where a 
Kapps of 1 × 10− 4 min− 1 is detected due to its higher absorbance in the 
UVA range (data not shown). After using the photocatalysts, the kinetic 
rates drastically increase, for different initial concentrations of the three 
pollutants. For example, the degradation rate of HA registers higher 
values of 0.0314 min− 1 and 0.013 min− 1 for 5 and 20 ppm, respectively, 
compared to the blank sample (8 × 10− 5 min− 1). The decrease in the 
observed first-order rate constant at high concentration is certainly due 
to the occupation of all catalytic sites on the ZnO NRs surface. In addi
tion, the non-polar characteristic of the majority of ZnO NRs surface, 
which exhibits low selectivity towards polar molecules [19] makes them 
a suitable material for this study. 

3.2.2. Influence of oxidative pathways on degradation rates 
The effect of the oxidative pathways on the degradation rate was 

investigated by choosing the lowest initial concentration of 5 ppm 
(shorter experimental time) for each of the organic molecules. The 
evolution of the UV–vis spectra of the MB, phenol, and HA is reported in 
Figs. 6a, b, and c for over 6 h of irradiation. 

MB is generally characterized by 3 absorption bands (Fig. 6a). The 
first two are of high energy π – π* transition, corresponding to the B- 
Band and E-Band of the benzene ring, and located at λ ~ 247 and 293 
nm, respectively [42]. The third peak, which is responsible for the blue 
color of the dissolved dye, corresponds to the low energy n – π* transi
tion around 665 nm (where n is the free doublet on the nitrogen (N) and 
sulfur (S) atom of the chromophore groups, –C=N and –S=C, respec
tively) [43]. The observed shoulder at 605 nm refers to a vibronic 
transition 0–1 (level 0 of the ground state to level 1 of the excited state) 
[43]. To monitor the decomposition of the MB at the different molecular 
bonds, its photodegradation was tracked at the wavelengths 247, 293, 
and 665 nm. The same analytical method was applied to the phenol 

Fig. 6. UV–vis spectra of the UVA-photodegradation (λ = 365 nm), carried out over the as-prepared ZnO NRs film and plotted in function of experimental time for 
(a) 5 ppm MB (b) 5 ppm phenol, and (c) 5 ppm HA, (d) Comparative photodegradation kinetics of 5 ppm phenol (tracked at λ = 270 nm), 5 ppm HA (tracked at λ =
250 nm), and 5 ppm MB (tracked at λ = 665 nm). 
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molecule. Its photodegradation was then tracked at λ ~ 192, 212, and 
270 nm, referring to the π – π* transitions of the E1-Band, E2-Band, and 
B-Band, respectively, as seen in Figure 6b42. The inset provides better 
visualization of the absorbance variation of the molecule at λ ~ 270 nm. 
As for the humic acid, the photodegradation of the molecule was studied 
at the single peak of λ ~ 250 nm. This peak corresponds to the π – π* 
electronic transitions of the polycyclic aromatic structure, including the 
phenolic group, aniline derivatives of benzoic acids, and polyenes 
(Fig. 6c) [44]. 

The photocatalytic degradation behavior, in Fig. 6d, reveals that the 
apparent degradation rates are the following: MB Kappmin (0.0486 min− 1) 
> HA Kapp (0.0314 min− 1) > Phenol Kapp (0.0228 min− 1). Kappmin of 
methylene blue represents the slowest measured rate at λ = 247 nm. 
These apparent rates constant are relatively higher than most of the 
reported kinetic data on various ZnO photocatalysts (Table S1). The 
apparent degradation rates for MB, HA, and phenol molecules that were 
recorded at the different absorbance peaks, are summarized in Table 2. 

The degradation rates of HA, MB, and phenol are mainly governed by 
the amount of hydroxyl radicals and the chemical structures of the 
organic molecules [45–47]. The presence of these radicals was verified 
by measuring the photocatalytic efficiency of ZnO NRs before and after 
the addition of isopropanol (IPA) and potassium persulfate (KPS) 
quenching agents, in the case of MB (Fig. S3). Thus, adding the electron 
acceptor (KPS) slightly decreased the photocatalytic degradation of MB, 
whereas, using the OH radical scavenger is observed to significantly 
decrease the degradation kinetics of MB by 50%. Furthermore, as all the 
prepared ZnO NRs photocatalysts are highly homogeneous, the expected 
amount of hydroxyl radicals is similar for all experiments. Thus, the 
kinetic degradation rates are controlled by the complexity of pollutant 
structures. In this regard, the oxidative pathways of each molecule are 
estimated based on the obtained kinetic data from the UV–vis mea
surements. For instance, the changes in the UV–vis spectra of phenol 
show quite a similar degradation kinetic of ~0.0222 min− 1 at the three 
absorbance peaks of 192, 212, and 270 nm (Table 2). This relatively low 
rate constant is due to the high dissociation molecular bond energy of 
~97.12 kcal/mol48. As these peaks reflect the E1-, E2-, and B-band 
transitions, their reduction at the same rate indicates a complete 
transformation of the molecule. This is confirmed by the absence of any 
absorbance peaks that arise from the formation of intermediates 
(Fig. 6b). As reported elsewhere, the phenolic ring reacts with the •OH to 
produce dihydroxy benzene, where its further oxidation either leads to a 
ring cleavage or the formation of quinone-like intermediates [49]. The 
faster degradation of the latter compared to phenol leads directly to its 
ring cleavage via a single oxidation step, giving oxalic and maleic acids 
[50]. Thus, the rupture of the phenolic ring is the rate-determining step 
[50]. The proposed mechanism of phenol degradation is illustrated in 
Fig. 7a. 

On the other side, methylene blue demonstrates distinct rates of 
decline for its absorbance peaks at λ = 247, 293, and 665 nm, namely at 
~0.0486, 0.06, and 0.0714 min− 1, respectively (Table 2). This implies 
that the decomposition of the conjugated system of phenothiazine 
chromophores (–C=N and –C=S) and the rest of the benzene structure 

follow different kinetics. When the MB molecules are attacked by the 
ROS, their degradation can undergo three different paths simulta
neously. In consequence, the demethylation and N-demethylation of the 
MB were commonly observed at the beginning of the degradation due to 
the high vulnerability of the N–CH3 bond that breaks down to form 
dimethylamino-intermediates [51]. Such molecules were frequently 
reported elsewhere, where intermediates such as formaldehyde (HCHO) 
or formic acid (HCOOH) were detected as soon as the degradation 
started [51,52]. In addition, the oxidation of the weak chromophore 
C–S+ = C at very early stages of the degradation paves the way for the 
hemolytic cleavage of the thionine ring via a desulfurization pathway, 
resulting in various sulfoxide or sulphone intermediates [52]. Accord
ingly, Houas et al. (2001) reported the formation of sulfoxide in
termediates and sulfate (SO4

2− ) ions during the beginning of MB 
photocatalytic degradation by titanium dioxide (TiO2), confirming the 
opening of the thionine ring [53]. In addition to the desulphonation and 
demethylation reactions, the imino-group at the central heterocyclic 
rings is also prone to early oxidation, producing aniline and nitrate 
anions [51,52]. Moreover, the behavior of the MB in a highly rich me
dium with hydroxyl radicals was investigated by Huang et al. (2010) 
who also found that the molecule’s degradation follows the same 
pathway [54]. Such an oxidation mechanism agrees with the bond 
dissociation energy (BDE) theory, wherein bonds of lower energy tend to 
decompose first: CH3–N(CH3)C6H5 (70.8 kcal/mol) < C–S+ = C (76 
kcal/mol)  < C–N=C (87.4 kcal/mol)  < N(CH3)2–C6H5 (93.2 kcal/ 
mol)  < H2N–C6H5 (10.2.6 kcal/mol) [48,52,54,55]. 

Once the central ring is broken (Step 1, Fig. 7b), the resulting hy
droxylated species, such as the relatively less stable hydroquinone or 
hydroquinone-like intermediates, are well known to undergo fast 
oxidation into acetic acids, maleic acids, oxalic acid, CO2, and H2O2 
(Step 2, Fig. 7b) [56]. Because these benzene rings are already hy
droxylated with two or more –OH, their ring opening at this stage re
quires only one oxidation step, contrarily to phenol (which needs two or 
more oxidation steps). Consequently, due to this unique mechanism of 
MB degradation that bypasses the formation of highly stable species like 
phenol, methylene blue shows faster degradation kinetics. The proposed 
mechanism of MB degradation is visualized in Fig. 7b. 

Similarly, the degradation of the macromolecular HA into smaller 
polyaromatic intermediates begins at its weakest bonds: C–N–C, and 
C–O–C56. Herein, the slower photodegradation rate of HA (0.0314 
min− 1) compared to that of MB (0.0714 min− 1) indicates that the 
weakest molecular bond of MB (BDE of C6H5–SC6H5 = 76 ± 2 kcal/mol) 
is oxidized faster than that of HA (BDE of C6H5–O (C6H5) = 79.4 ± 2 
kcal/mol) [56]. Hence, the HA molecule decomposes into various 
structures of polyaromatics, with absorption bands ranging between 
~180 and 320 nm, corresponding to high-energy π – π* (K-, B-, and E- 
bands) transitions. Because the UV–vis spectrums of the HA and its in
termediates are expected to overlap with each other, the real degrada
tion kinetics may be hindered. For instance, the degradation of the HA 
byproducts was shown to proceed with ring cleavage steps to give new 
intermediates such as dibutyl phthalate, and glyoxylic acid [57]. Further 
oxidation of the latter can result in aliphatic species like octadecanoic or 
hexadecanoic acids [57]. Relatively small molecules i. e. the glyoxylic 
acid are also observed at advanced degradation time [57]. Although the 
photodegradation kinetics of humic acids appear to be slightly higher 
than those of phenol, the complete mineralization of the HA molecule 
and its byproducts generally follows a longer pathway. The formation of 
intermediates in the course of HA degradation is shown in Fig. 7c. 

4. Conclusion 

In this study, we have demonstrated excellent photocatalytic 
degradation of methylene blue, humic acid, and phenol over ZnO 
nanorods synthesized by the hydrothermal growth method. Further
more, a new approach to how the degradation rate of organic pollutants 
is correlated with their chemical structures and the bond dissociation 

Table 2 
Apparent degradation rates for MB, HA, and phenol molecules, recorded at the 
different absorbance peaks of each and normalized to the immersed specific area 
of ZnO NRs (~ 0.035 m2).  

λ 
(nm) 

MB 
Kapp (min− 1) 

Phenol 
Kapp (min− 1) 

HA 
Kapp (min− 1) 

Transition 
Type 

192 – 0.0228 – π – π* 
212 – 0.0222 – π – π* 
247 0.0486 – – π – π* 
250 – – 0.0314 π – π* 
270 – 0.0228 – π – π* 
293 0.06 – – π – π* 
665 0.0714 – – n – π*  
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energies was investigated. 
The lengths, and diameters of ZnO NRs were estimated by analyzing 

the SEM micrographs. An average diameter (w) of ~ 50 nm, a length (l) 
of ~ 1.55 μm, and a remarkably high ratio of l:w ~ 31 were registered. 
TEM analysis confirmed the uniform diameter of nanorods along its 
entire length, indicating their anisotropic growth along the ±c-axis di
rection. The EDS spectrum confirmed the presence of zinc (Zn), and 
oxygen (O) elements with an atomic ratio Zn:O of ~0.38:0.62 (± 0.017), 
deviating from the stoichiometric ratio of 1:1, and therefore indicating 
the potential presence of defects. The presence of these defects was also 
demonstrated by XPS with the presence of two peaks corresponding to 
the Zn 2p3/2 and Zn 2p1/2 correlated with the Zn–O bonding and 3 other 
peaks attributed to Zn–O bonding, O2− ions in oxygen-deficient re
gions, and chemisorbed H2O molecules respectively. These defects 
widely contribute to accelerating the photocatalytic degradation rate by 
increasing the number of trapped electrons/holes, and thus the forma
tion of hydroxyl radical (OH•), superoxide radical (O2

•-), and other 
oxygenated radical species. 

The photocatalytic degradation kinetics have been excessively 
studied by numerous works through several experimental parameters 
such as pH, molecules’ initial concentrations, light source/intensity, and 
electron and hole scavengers. However, the impact of the chemical 
structure of organic pollutants on the degradation pathway mechanisms 
is timidly investigated. In this context, the influence of the oxidative 
pathway and the bond dissociation energies on the degradation rate was 
explored through three different chemical structures, including phenol, 
methylene blue, and humic acid. It was found that the photocatalytic 
efficiency is not necessarily related to the molecular sizes of organic 
pollutants. For instance, the molecular sizes of MB and HA are larger 
than those of phenol, however, they exhibit relatively higher degrada
tion rates. More precisely, the removal of 90% of MB and HA is 3 and 1.4 
times faster than the removal of phenol for the same initial concentra
tion of 5 ppm. This behavior is explained by the difference in bond 
dissociation energies and structures between the concerned molecules. 

MB presents a relatively weak dissociation bond energy (~ 76 kcal/mol) 
at the thionine ring that tends to easily oxidize under the attack of ROS 
and dissociates into hydroxylated aromatics with more than two –OH 
groups. These highly hydroxylated intermediates require relatively less 
oxidation steps than phenol to achieve the ring cleavage, allowing 
therefore a faster removal process. In a similar way, the HA molecule 
possesses much weaker dissociation molecular bond energy (~ 79.4 
kcal/mol), than phenol (minimum ~97.12 kcal/mol) and therefore 
shows more rapid degradation. Therefore, despite the complexity of the 
chemical structure of organic pollutant molecules, their degradation 
kinetics are mainly governed by the cleavage of the weakest molecular 
bonds and the number of oxidation steps. From this study, it was also 
concluded that ZnO nanorods photocatalysts have the potential to be 
used for the treatment of organic pollutants in water flow and the kinetic 
degradation rates can be predicted based on the chemical structure and 
the bond dissociation energies of molecules. In addition to the experi
mental data, theoretical models will be considered in the upcoming 
works to better investigate the degradation mechanism of oxide nano
structures and to optimize the degradation efficiency of the system. 
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