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A B S T R A C T

This study focuses on the facile preparation of ZnO-biochar (ZnO-BC) nanocomposite prepared by the hydro-
thermal approach as an efficient sonocatalyst for degradation and mineralization of gemifloxacin (GMF).
Morphological and textural characteristics of bare biochar (BC), ZnO nanorods (ZnO NRs) and ZnO-BC nano-
composite were investigated using TEM, SEM and BET analyses. Moreover, XRD, FTIR, EDX and UV–vis DRS
analyses were performed to study the crystalline structure, functional groups, elemental composition and optical
properties of the samples, respectively. ZnO-BC nanocomposite showed better sonocatalytic performance than
BC and ZnO NRs owing to its huge surface area, narrow band gap and enhanced sonoluminescence phenomenon.
These properties led to the synergetic ability of ultrasonic irradiation and catalytic activity of ZnO-BC to generate
reactive species and subsequent radical reactions. In addition, the effect of the addition of various gases and
scavengers on the removal of GMF was evaluated. The GC–MS analysis was used to verify the generation of some
intermediates and a possible pathway was proposed accordingly. 83.7% COD removal efficiency was observed
within 90min treatment confirming efficient mineralization of GMF solution. The phytotoxicity test was carried
out using Lemna minor and the results proved that after the treatment process, a considerable toxicity removal of
the GMF solution had occured.

1. Introduction

Antibiotics are very efficient pharmaceuticals used for preventing/
treating illnesses and are widely consumed by human beings [1]. Owing
to their wide application, the residue of antibiotics has been detected in
groundwater, surface water and soil as emerging pollutants over the last
years [2]. Gemifloxacin (GMF) belongs to a class of medicines known as
fluoroquinolones (FQs) which is used to treat bacterial infections by
killing the bacteria or hindering their growth [3]. Based on the World
Health Organization (WHO) report in 2014, the main concern asso-
ciated with the antibiotic pollution is genotoxicity and the possibility of
progressive increment in the prevalence of antibiotic resistance even at
concentrations as low as 0.20 μg L−1 [4]. As a result, finding a pros-
perous method for removal of these pharmaceutics from aqueous
medium is an essential necessity. Of all the advanced oxidation pro-
cesses (AOPs) available for this purpose, ultrasound irradiation has

been widely used for complete removal of pharmaceuticals, since it
does not produce extra waste streams and is not restricted by the
toxicity or low biodegradability of pollutants [5].

The effect of sonication eventuates from the implosive collapse of
microscopic bubbles that are formed during the introduction of ultra-
sound waves [6]. These waves exert cyclic sequences of compression
and decompression phases in the aqueous solution [7]. When pressure
magnitude exceeds the tensile strength of liquid, cavitation bubbles are
produced. The generated bubbles that have very short life time of about
micro seconds, grow by ultrasound frequency and eventually collapse
after reaching a critical size [8]. The consequence of this implosion is
the generation of localized hot spots with high temperature and pres-
sure. The extreme condition of transient hot spots can produce hy-
drogen and hydroxyl reactive radicals by homolytic cleavage of water
molecules [9]. These %OH radicals are strong oxidizing agents that are
capable of destroying and converting nearly all persistent organic
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pollutants (POPs) to CO2 and H2O through their complete mineraliza-
tion [10]. However, this process is considered to be merely time-con-
suming and requires a lot of energy. Among various methods available
to improve the performance of sonolysis, extensive research has been
devoted to the application of catalysts [11]. Introduction of a solid
catalyst into the solution improves the generation of •OH radicals, since
it enhances the formation of hot spots by increasing the number of
nuclei that are available for production of cavitational bubbles [12].

According to the available literature, various nano-sized semi-
conductors such as ZnO [13,14], TiO2 [15], ZrO2 [16,17], FeCeOx [18],
etc. have been reported to increase the performance of ultrasound in
degradation of different organic pollutants. Among these, ZnO nanos-
tructures have gained considerable attention due to their physical and
chemical properties such as low cost, non-toxicity and chemical stabi-
lity [19,20]. Moreover, it is well known that single-bubble sonolumi-
nescence (SBSL) flushes contain intense ultraviolet (UV) light which can
excite ZnO by bubble implosion in the ultrasonic system [14,21].
However, in order to prevent the fast recombination of generated
electron-hole pairs and to increase specific surface area, ZnO nano-
particles have been composited with different types of carbon-based
materials including graphene [22], graphene oxide [23], reduced gra-
phene oxide [24], etc.

Pyrolyzation of biomass in an oxygen depleted atmosphere yields a
black carbon-rich product known as biochar (BC). Because of the car-
bonaceous porous structure, increased specific surface area compared
to the precursor, as well as its abundant and inexpensive feed stock,
biochar based nanocomposites have been widely used in water and
wastewater treatment processes. Biochar-supported reduced graphene
oxide composite has been synthesized for the adsorption of lead ions
and atrazine [25]. Simultaneous removal of Cd (II) and Sb (III) has been
studied by adsorption onto a MnFe2O4–BC nanocomposite. CeO2-BC
nanocomposite has been synthesized to assess the sonocatalytic de-
gradation of a textile dye [26]. Wang et al. also reported microwave-
assisted preparation of N-doped biochar by activation of ammonium
acetate for adsorption of acid red 18 [27]. The application of ZnCl2-
activated biochar for removal of aqueous As(III) has been investigated
by Xia et al [28].

The aims of this research are to (a) synthesize and incorporate ZnO
nanorods (NRs) onto BC surface by a simple hydrothermal method, (b)
evaluate the physical and chemical characteristics of ZnO NRs, BC and
ZnO-BC nanocomposite using XRD, EDX, FESEM, TEM, BET and FT-IR
analyses, (c) study the sonocatalytic degradation of GMF using ZnO-BC
nanocomposite, (d) investigate the effect of some important operational
parameters, namely GMF concentration, ZnO-BC dosage, pH of solu-
tion, ultrasonic power, addition of scavengers and gas bubbling, and
finally (e) determine the mineralization efficiency and the possible

degradation pathway using GC-MS.

2. Experimental

2.1. Reagents and materials

The biochar was prepared from wheat husks and paper sludge
which was obtained from Sonnenerde GmbH (Riedlingsdorf, Austria)
and then it was used as received. The sample was prepared through
conventional pyrolysis at 500 °C at a residence time of 20min and no
inert gas was used in order to drive off pyrolyic vapors. The biochar was
given 5min to gas out and then it was quenched with water to reach
30% water content. Detailed explanation on full characterization of the
materials and production conditions can be found in a publication by
Bachmann et al. [29]. Gemifloxacin (GMF) was obtained from Amin
Pharmaceutical Co. (Iran). Zn(NO3)2·4H2O (98%) was purchased from
Sigma-Aldrich (USA). All of the other materials were supplied by Merck
(Germany). All reagent-grade chemicals were used as purchased
without any further purification and Millipore water was used in the
preparation of all aqueous solutions.

2.2. Preparation of ZnO-BC nanocomposite

On the BC, ZnO NRs were grown using a facile, simple and low
temperature hydrothermal procedure. Typically, 1 g of the BC powder
was dispersed into deionized water (80mL) by sonicating for 20min
before adding Zn(NO3)2·4H2O (20mM); 1.8mL NH3 (32%) was
dropped into the solution to adjust pH to 11. After transferring this
alkaline solution into a Teflon coated stainless steel autoclave, it was
heated at 90 °C for a duration of 2 h. The resulting precipitate was
collected, filtered using a filtration paper, and rinsed three times with
deionized water and dried at 40 °C for 12 h [30]. This process was re-
peated for the production of pure ZnO NRs without adding BC to the
synthesis medium. Schematic representation of ZnO-BC synthesis pro-
cedure is given in Fig. 1.

2.3. Characterization

PANalytical X’Pert PRO (Germany) diffractometer (Cu Kα radiation:
0.15406 nm; 45 kV, 40mA) in 2θ ranging from 20 to 80° was used to
record the X-ray powder diffraction data. In order to determine the
average size of the ZnO crystallites, Scherrer's formula was used at the
most intense diffraction peak of ZnO and ZnO-BC patterns (2θ: 36.25°)
[26]. The FT-IR spectra were collected on a Bruker Tensor 27 (Ger-
many) spectrophotometer. N2 adsorption-desorption isotherms at 77 K
were measured using a Belsorp Mini II (Japan) equipment. TEM images

Fig. 1. Schematic diagram of the preparation of ZnO-BC nanocomposite.
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of ZnO NRs were acquired using a JEOL JEM-2200FS (Japan) micro-
scope operating at 200 kV. FESEM images and EDX spectra were re-
corded using a field-emission scanning electron microscope (Mira3
Tescan, Czech Republic) equipped with an EDX analyzer at an accel-
erating voltage of 20 kV. UV–vis DRS spectra of the samples were ob-
tained with a Sinco S-4100 (Korea) to determine the band gap of the
ZnO and ZnO-BC.

2.4. Sonocatalytic activity

Sonocatalytic performance of as-prepared catalysts was studied in
the GMF degradation. In a typical experiment, 100mL of GMF solution
(20–50mg L−1) was transferred to a 250mL Erlenmeyer flask and
certain amount of the sonocatalyst was added to the solution. In order
to adjust the pH of the solution, NaOH and HCl aqueous solutions were
used. Ultrasonic bath (EP S3, Sonica, Italy) with inside dimensions of
140mm width, 230mm length, 100mm height, with an operating
frequency of 40 kHz and power of 300W was used to sonicate the so-
lution. During the course of the ultrasound irradiation, the temperature
of the ultrasonic bath was controlled by adding ice-water to the bath
water. The Erlenmeyer flask was fixed at 10mm from the bottom of the
bath, while the water level was kept constant at 80mm inside the bath.
At regular intervals of 5min, 3mL treated solution was withdrawn and
then remnant GMF concentration was determined using an ultraviolet-
visible (UV-vis) spectrophotometer (SU–6100, Philler scientific, USA) at
a maximum wavelength of 343 nm. The degradation efficiency (DE%)
of GMF was defined as follows:

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×DE A A
A

% 100t0

0 (1)

where A0 represents the absorbance of GMF solution before irra-
diation and At is the absorbance of GMF solution degraded within a
certain period of time. To determine the concentration of the dissolved
zinc in the solution, an atomic absorption spectroscopy (AAS) equip-
ment (Novaa 400, Analytikjena, Germany) was applied.

To determine the intermediates generated during the initial steps of
the degradation, GMF solution was treated under sonocatalytic de-
gradation process using ZnO-BC nanocomposite (US/ZnO-BC process)
for 10min, and then the treated solution was analyzed by an Agilent
6890 GC system coupled to an Agilent 5973 MS instrument. A detailed
description of the sample preparation and method used for the de-
termination of the intermediates was presented in our previous work
[31]. Mineralization of GMF solution before and after sonodegradation
was determined by chemical oxygen demand (COD) analysis. The COD
analyses were performed using Palintest (United Kingdom) instrument,
based on standard method 5220 [32]. The concentration of NH+

4 , NO−
3

and NO−
2 ions generated from mineralization of GMF solution were

determined by an ion chromatography system (930 compact IC flex,
Metrom, Switzerland).

For the phytotoxicity assessment, pigment contents of L. minor such
as total carotenoids, total chlorophyll, chlorophyll a, and chlorophyll b
were determined for the L. minor fronds which were subjected to GMF
solution, treated GMF solution and water based on the procedure sug-
gested by Lichtenthaler [33]. Measurement of the pigment contents of
plants was carried out after 10 days to investigate the toxicity of solu-
tions.

3. Results and discussion

3.1. Characterization of BC, ZnO, and ZnO-BC nanocomposite

BC, ZnO and ZnO-BC nanocomposite were characterized by XRD
analysis and the obtained data are presented in Fig. 2a. The XRD pat-
tern of pure BC presents some weak peaks associated with the presence
of CaCO3 [34] and SiO2 [35] phases. As shown in Fig. 2a, wurtzite ZnO

structure is the only detectable crystallographic phase in the XRD pat-
tern of ZnO NRs, which is in good agreement with the JCPDS No. 36-
1451 [19]. On the other hand, the XRD pattern of ZnO-BC nano-
composite shows that all detected peaks can be excellently matched to
the mixture of ZnO and BC samples and no other phases are detected.

The particle size of ZnO NRs for the ZnO-BC samples were estimated
to be 27 and 22 nm, respectively, by the X-ray line broadening method
using the Scherrer formula (Eq. (2)) at the strongest peak of ZnO and
ZnO-BC patterns (2θ: 36.25°).

=D Kλ
β θcosXRD

(2)

where K is the Scherrer constant, λ is the X-ray wavelength, β refers to
the half-width of the strongest diffraction peaks, and θ represents the
Bragg angle.

The FT-IR analysis was employed to identify some characteristic
functional groups on the samples. The obtained results are represented
in Fig. 2b. For all the samples, the relatively intense bands observed at
1650 and 3440 cm−1 are ascribed to the bending vibration of HeOeH
and OeH and the peaks located from 2850 to 2940 cm−1 originate from
the symmetric and asymmetric stretching mode of vibration of CeH
bond, respectively [36]. Also, the band at 1037, 1124, 1325, 1417 and
1452 cm−1 can be attributed to the stretching vibration of SieOeSi,
CeO stretch coupled to CeC, stretching vibration of C]C group,
bending vibration of CH2 group and stretching vibration of COO−

[37–39]. The appearance of a broad band at 626 cm−1 is attributed to
the stretching mode of CO3

2− in BC [40]. Interestingly, a strong peak at
524 cm−1 is observed in the ZnO and ZnO-BC nanocomposite that can
be ascribed to the ZneO stretching [41]. However, any signal related to
ZnO is not detected in the BC spectrum. An additional peak at 580 cm−1

is observed in ZnO-BC nanocomposite which belongs to the ZnO vi-
bration and makes it clear that ZnO NRs were attached on the surface of
BC [42].

The results of nitrogen adsorption-desorption analysis for pure BC,
ZnO NRs and ZnO-BC nanocomposite show type IV isotherms with wide
hysteresis loops typical of mesoporous materials Fig. 2c. Table 1 dis-
plays the textural characteristics of the samples, calculated from Bru-
nauer–Emmett–Teller (BET) methods. According to Table 1, the BET
specific surface area and the total pore volume of the ZnO NRs
(183.41m2 g−1 and 0.24m3 g−1, respectively) are remarkably higher
than those of BC sample (68.19m2 g−1 and 0.07m3 g−1, respectively).
Accordingly, as expected, incorporation of ZnO NRs onto the surface of
BC enhanced the characteristics of BC in terms of specific surface area
(119.5 m2 g−1) and pore volume (0.16 cm3 g−1).

The optical characteristics of the ZnO NRs and ZnO-BC nano-
camposite were determined by applying UV–vis DRS spectroscopy.
Extrapolation of the linear portion of the plot of (Ahv)2 versus (hv) was
carried out to calculate the band gap of the samples (Fig. 2d), based on
Eq. (3).

=υ υ(αh ) K(h - E )2
g (3)

where α, hυ, K, and Eg are absorption coefficient, photon energy (eV),
absorption index, and band gap energy, respectively. The band gap of
ZnO NRs and ZnO-BC nanocomposite were estimated as 3.04 and
2.77 eV, respectively. ZnO-BC sample exhibits lower band gap value
compared to ZnO NRs. This can be attributed to the BC introduction. As
it has been demonstrated in previous studies, doping a semiconductor
onto the graphite-like carbon matrix can create vacancies, which leads
to band gap narrowing [43].

The morphology of the synthesized ZnO RDs was studied by FESEM
and TEM images. Fig. 3a–f show the FESEM images of the bare BC at
high and low magnifications. The structural characteristic of BC de-
monstrates its potential to act as excellent support for immobilization of
nano-sized catalyst (Fig. 3a–c). Channel-like microstructure proliferate
the biochar surface, revealing partial retention of the initial biomass
morphology. The porous structure of the BC is produced through the
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generation of volatile materials during pyrolysis. As the materials es-
cape, cracks and pores begin to form on the biochar surface. Fig. 3g–i
show a well-defined rod shaped morphology of ZnO NRs fabricated by
hydrothermal technique. The TEM images also clearly confirm the
synthesis of nano-sized ZnO in rod shape with uniform diameters as
presented in Fig. 4. All the zinc oxide NRs have diameters about
20–40 nm. On the other hand, according to the SEM images of ZnO-BC
nanocomposite, the zinc oxide nanorods were grown in uniform size,
high density, and randomly distributed (Fig. 3j–l).

Elemental composition of ZnO, bare BC, and ZnO-BC samples were
determined by EDX microanalysis. Fig. 5a–c reveals that the BC sample
contains O, C, Si, Ca, Al, K, Na, Mg and P elements. Furthermore, the
EDX spectrum of ZnO sample shows an intense peak of Zn, demon-
strating successful synthesis of ZnO NRs using hydrothermal method.
By comparing the EDX spectrum of ZnO-BC with those of pure ZnO and
bare BC, it can be concluded that ZnO NRs were successfully in-
corporated onto the BC surface.

In consequence, the results obtained from characterization of bare
BC, ZnO NRs and ZnO-BC nanocomposite clearly confirm the growth of
ZnO nanorods on the porous surface of biochar.

3.2. Comparative study on GMF removal by different processes

A comparative investigation on removal of GMF with US, ZnO, ZnO-
BC, BC, US/BC, US/ZnO and US/ZnO-BC systems was performed for
45min and the results are illustrated in Fig. 6a. The GMF degradation
efficiency under identical conditions showed the following order; US
(10.4%) < ZnO (12.2%) < ZnO-BC (15.1%) < BC (23.4%) < US/
BC (46.8%) < US/ZnO (64.6%) < US/ZnO-BC (96.1%). Due to the
low production rate of hydroxyl radicals by using sonolysis alone, the
lowest DE% was achieved by ultrasound waves. On the other hand,
adsorption capacity of the BC and ZnO-BC samples transcend that of
ZnO, which could be ascribed to the difference in hydrophobicity of the
samples. The functional groups on the surface of catalyst do not play the
key role in degradation of pollutant molecules in advanced oxidation
processes and do not have a significant effect on the catalytic activity.
However, the presence of some functional groups on the surface of
catalyst affects its ability in the absorption of pollutant molecules. Ac-
cording to the results of FT-IR analysis, some peaks such as those that
appear at 1650, 1452, 1325, 1124, 1037, and 626 cm-1 are responsible
for the hydrophobicity of BC. Whilst Zn–O stretching that appears for
ZnO and ZnO-BC, but not in BC, is responsible for the hydrophilicity of
ZnO. Generally, the relatively hydrophobic GMF molecules show higher
affinity for adsorption on the BC and ZnO-BC samples which are more
hydrophobic adsorbent than ZnO [44]. When solid particles were in-
troduced to the sonication medium, the relatively porous particles ac-
celerated the cavitation bubble nucleation in the system which led to an
increase in the DE%. The possible mechanisms by which this could be
explained are (a) the decrease in the threshold energy for the bubbles

Fig. 2. (a) XRD patterns, (b) FT-IR spectra, (c) N2 adsorption/desorption isotherms of BC, ZnO and ZnO-BC samples and (d) (Ahυ)2–hv curves of the ZnO and ZnO-BC
samples.

Table 1
Textural characteristics of the samples.

Sample Surface area (m2/g) Pore volume (cm3/g)

Pure BC 68.19 0.07
ZnO NRs 183.41 0.24
ZnO-BC 119.15 0.16
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generation [45], (b) the increase in nucleation sites [46] and (c) the
increase in mass-transfer efficiency [9] which results in formation of
more •OH radicals. The enhanced degradation efficiency achieved by
ZnO/US and ZnO-BC/US processes can be ascribed to the sonolumi-
nescence phenomenon. The intense UV light that is the result of the
aforementioned mechanism leads to the excitation of ZnO or ZnO-BC
which subsequently play the role of an efficient photocatalyst during
sonolysis [47,48]. The higher DE% in US/ZnO-BC process may also be
attributed to the electron-trapping ability of BC. The recent studies
[49–51] on the redox characteristics of chars has proposed this property

as a potential reason for various chemical processes. Studies have
shown that biochar is able to accept significant amounts of electrons in
their environment. Klüpfel et al. used electrochemical measurements in
order to assess the electron accepting capacity (EAC) of biochar; the
maximum amount of electrons that a particular char can accept from an
adequet reductive environment is defined as EAC. Klüpfel et al. [51]
have shown that the EAC of biochar attained a maximum of 0.54mmol
(e−).gbiochar−1. The vacant d-orbitals in metals like Si and Al that exist
in Biochar gallery can act as electron acceptors and thus enhance the
electron transfer between biochar and ZnO interface by hampering the

Fig. 3. SEM micrographs of BC (a–f), ZnO (g–i) and ZnO-BC (j–l) samples.
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recombination of electron-hole pairs. Afterward, reactive species such
as H2O2, %OH and O2

%− are produced as a result of the reactions that
occur between electrons trapped in ZnO conduction bond (CB) and the
adsorbed oxygen molecules through Eqs. (4)–(9). Accordingly, the
stability of electron-hole pairs is expanded, and thus the number of
generated •OH radicals increases through Eqs. (10) and (11) [52].
Moreover, as can be seen from Fig. 2d, ZnO-BC nanocomposite has a
lower band gap (2.77 eV) than that of ZnO NRS (3.04 eV) and as ex-
pected, acts as a more efficient sonocatalyst.

+ → −− −metals e metals eCB (4)

metals− e−+O2→metals+O2
%− (5)

O2
%−+H+→HO2

% (6)

HO2
%+O2

%−+H+→H2O2+O2
% (7)

H2O2+ eCB−→ %OH+OH− (8)

H2O2+O2
%−→ %OH+OH−+O2 (9)

H2O+ hVB+→ %OH+H+ (10)

OH−+ hVB+→ %OH (11)

In order to compare the degradation rate of GMF using the studied
systems, both pseudo-first and pseudo-second order kinetic models
were used to analyze the experimental data by applying linear regres-
sion analysis to the data plots of ln (A0/At) and [(1/At) − (1/A0)],
respectively, as a function of time [16]. The results showed that the
correlation coefficient (R2) values for the pseudo-first-order model
(> 0.98) (Fig. 6b) were higher than those for the pseudo-second-order
model (< 0.87) (for which detailed data were not reported). Therefore,
it can be concluded that the degradation rates of all studied systems
followed the pseudo-first-order kinetic. The rate constants (kapp) were
determined graphically and Fig. 6c represents the comparison of the
kapp values for GMF degradation using the combined and individual
processes. kapp of the US/ZnO-BC system is far higher than those of the
others. For the better interpretation, the synergy factors for the US/BC,
US/ZnO and US/ZnO-BC systems were determined as 1.7, 4.1 and 10.7,
applying Eqs. (12)–(14), respectively.

=
+

Synergy factor
k

k kUS BC
US BC

US BC
/

/

(12)

Fig. 4. TEM images of ZnO nanorods.

Fig. 5. EDX spectra of BC (a), ZnO (b) and ZnO-BC (c) samples.
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k

k kUS ZnO
US ZnO

US ZnO
/

/

(13)

=
+−

−

−
Synergy factor

k
k kUS ZnO BC

US ZnO BC

US ZnO BC
/

/

(14)

3.3. Sonocatalytic degradation of GMF over ZnO-BC nanocomposite

3.3.1. Effect of working parameters on sonocatalysis process
Since the pollutant concentration plays a significant role in water

treatment, the impact of initial GMF concentration was studied over the
range of 20–50mg L−1 while the catalyst dosage, pH, ultrasonic power
and thus the number of generated reactive radicals remained constant
during the experiments. As a result, the ZnO-BC nanocomposite was not
successful in providing enough active sites for the production of re-
active species which are responsible for degradation of GMF molecules
[14,53]. Hence, as demonstrated in Fig. 7a, the degradation efficiency
decreased remarkably from 96.1% to 35.5% as the pollutant con-
centration increased from 20mg L−1 to 50mg L−1.

GMF degradation using US/ZnO-BC process was studied in solutions
with various pH values. The sonocatalytic performance of ZnO-BC was
not significantly affected by the value of solution pH in the range of
3.5–9.5. It should be mentioned that pH does not have any influence on
the cavitational phenomenon regarding the number of cavitation col-
lapses or the temperature/pressure formed during cavity collapse [54].
However, the change in solution pH may cause negative or positive

charges on the surface of catalyst and affect the interaction between
catalyst surface and pollutant molecules [55]. But in the case of sono-
catalytic degradation of GMF, the effect of solution turbulence is more
considerable than the effect of electrostatic interaction between ZnO-BC
surface and non-charged GMF molecules. At lower pH values the DE%
was slightly higher as represented in Fig. 7b. This is mainly because at
low pH values, the oxidation potential of •OH radicals is higher than the
alkaline condition [56]. Since the solution pH did not remarkably affect
DE%, degradation experiments were conducted in natural pH of GMF
solution (5.5), unless otherwise stated.

In order to study the effect of ZnO-BC dosage on degradation effi-
ciency, a series of experiments were conducted with various con-
centrations of the catalyst. Results demonstrated that DE% increased
concurrent with increasing the sonocatalyst dosage (Fig. 7c). The
maximum degradation efficiency was found to be 96.1% with 1.5 g L−1

of sonocatalyst. This is attributed to the increased number of available
catalytic active sites and hence the number of produced reactive radi-
cals in solution [57].

Fig. 7d shows the sonocatalytic degradation of GMF under different
ultrasonic irradiation powers of 150, 300 and 450W. As the ultrasound
power increased from 150 to 450, the DE% enhanced from 85.7% to
97.4%. An increase in ultrasonic power results in an increment in ul-
trasound amplitude that favors more violent transient cavitation bubble
collapse. In addition, when ultrasound is subjected to the solution, it
would cause greater turbulence and pulsation of the liquid phase and
this mechanical effect increases the mass transfer coefficient. Moreover,

Fig. 6. (a) Comparison of GMF degradation efficiency in different processes; (b) the kinetic analysis using pseudo-first-order model; (c) comparison of the kapp values
for the combined and individual processes; Experimental conditions: pH=5.5, [GMF]0=20mg/L, [catalyst]= 1.5 g/L and ultrasonic power= 300W.
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owing to the cleaning effect of sonolysis, more active sites would be
available on the surface of solid catalyst. Eventually, the number of
cavitational bubbles increases which leads to the production of more
hydroxyl radicals and rapid degradation rate of pollutant molecules
[58,59].

3.3.2. Effects of gas addition on sonocatalysis process
Gas sparging can ease the initialization of new cavitational events

since the dissolved gasses can act as new nucleation sites and trigger the
free radical formation. While gas purging can enhance degradation rate,
the efficiency is solely dependent on the nature of the gas [7]. To in-
vestigate the effect of gas sparging on the sonocatalytic degradation, the
solution of 20mg L−1 GMF containing 1 g L−1 catalyst with pH of 5.5
was taken and the experiments were conducted by introducing the
solution to corresponding gases including argon, oxygen and air during
45min of sonication process at the flow rate of 15 L h−1. The findings
showed that the maximum removal efficiency of 95.3% was reported
for argon sparged solution, while the oxygen and air purged solutions
showed a lower degradation rate of 90.9% and 82.1%, respectively. The
highest degradation efficiency observed in argon bubbled solution is
related to its high solubility (0.056mLmL−1 water) [60], polytropic
ratio (1.67) [61], and low thermal conductivity (0.018Wm−1 K−1)
[61]. The high solubility of a gas in liquid phase affects the free radical
production by increasing nucleation sites in aqueous medium which
facilitates the cavitation phenomena and increases the number of gen-
erated •OH radicals [60]. Furthermore, high polytropic ratio and low
thermal conductivity result in high pressure and temperature of

cavitational bubbles during their collapse which leads to increased so-
nochemical activity [61]. Oxygen and air have lower solubility (0.049
and 0.029mLmL−1 water, respectively) and polytropic ratio (1.40) and
higher thermal conductivity (0.026 and 0.025Wm−1 K−1, respec-
tively) than those of argon. Therefore, lower DE% were observed as
oxygen and air were bubbled into the sonication medium (Fig. 8). Si-
milar results have been reported by Hapeshi et al. [62].

3.3.3. Determining the main species that are involved in the sonocatalytic
degradation of GMF with the use of scavengers

In order to elucidate the role of main reactive species involved in
degradation of GMF, benzoquinone (BQ), ethylenediaminetetraacetic
acid (EDTA) and t-butanol were added to solution and the solution was
sonicated for 45min. The corresponding results are shown in Fig. 9a.
Among these, BQ which is an O2

%− scavenger showed only a subtle
effect as quencher on degradation efficiency, suggesting that O2

%− does
not play a significant role in removal of GMF [63]. On the other hand,
the DE% diminished to 62.9% in presence of EDTA, because it restrains
the GMF removal by decreasing the number of formed h+ which can
react with OH− and H2O molecules to generate %OH radicals (Eq. (15)).
However, still a copious amount of hydroxyl radicals were produced by
hot spots [64]. In this case of study, t-butanol demonstrated a greater
quenching effect on pollutant degradation, proving that the %OH radi-
cals are the major reactive species [65].

→ +H O OH H2
))) % % (15)

Numerous amount of natural inorganic anions exist along with

Fig. 7. Effect of operation parameters on degradation efficiency of GMF in the US/ZnO-BC process; (a) effect of pollutant concentration (pH=5.5,
[Catalyst]= 1.5 g/L and ultrasonic power= 300W); (b) effect of pH ([GMF]0=20mg/L, [Catalyst]= 1.5 g/L and ultrasonic power= 300W); (c) effect of ZnO-BC
dosage ([GMF]0=20mg/L, pH=5.5 and ultrasonic power= 300W) and (d) effect of ultrasonic power ([GMF]0= 20mg/L, pH=5.5 and [Catalyst]= 1.5 g/L).
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antibiotics in natural water sources. Therefore, considering the utili-
zation of sonocatalytic degradation for ecological specimens, the effect
of inorganic scavengers was also studied by adding different salts in US/
ZnO-BC process. The obtained results are depicted in Fig. 9b. When
20mg L−1 of inorganic salts, namely, Na2SO4, Na2CO3 and NaCl were
added to the solutions, the DE% decreased from 96.1% to 84.1%, 70.8%
and 58.6%, respectively. This can be explained by two reasons: first, the
oxidation potentials of the radicals produced from reaction between
hydroxyl radicals and the anions that take part in degradation of pol-
lutant molecules (Eqs. (16)–18)) are lower than that of hydroxyl radi-
cals; second, the active sites on ZnO-BC catalyst may be clogged by the
anions that are present in the solution [66]. The relatively low
scavenging effect of sulfate anions on degradation efficiency of GMF
may be attributed to the higher oxidation potential of sulfate radicals
than others [66,67].

SO4
2−+ %OH→ SO4

%−+OH− (16)

CO3
2−+ %OH→ CO3

%−+OH− (17)

Cl−+ %OH→ %Cl+OH− (18)

The comparative effect of these salts has been investigated by Shah
et al. [66] on sonophotocatalytic degradation efficiency of two textile
dyes in presence of Cu-ZnO as catalyst and the same reactivity order of

NaCl > Na2CO3 > Na2SO4 has been reported.

3.4. Reusability of ZnO-BC nanocomposite

One of the critical points of heterogeneous catalytic systems is the
stability and reusability of the catalyst, especially for long term usage.
Therefore, to evaluate the reusability of the catalyst, 1.5 g L−1 of ZnO-
BC was used in five consecutive sonocatalytic runs. Fig. 10 indicates
that almost 10% loss of degradation efficiency was observed after five
runs. Moreover, after sonocatalytic process, the total leached Zn con-
centration was 0.53mg L−1 in the presence of ZnO-BC catalyst and
under the studied pH condition (pH=5.5), which is lower than World
Health Organization (WHO) standard permissible limit (3.0 mg L−1)
[68]. After the reaction, the SEM images of the sonocatalyst were re-
corded to further study the stability of the ZnO-BC nanocomposite
(Fig. 11a–c). According to Fig. 11a–c, there is no noticeable change in
the morphology of ZnO-BC sample after the photocatalytic processes. In
addition, the Zeta potential values of fresh and used ZnO-BC suspended
in water were recorded as +20.7 and +21.4mV at pH 5.5 (natural pH
of GMF solution), which depicts that no significant change had occurred
in the surface charge of the catalyst after five consecutive runs. All in
all, the obtained results strongly confirm the stability of the catalyst
over several applications.

Fig. 8. Effect of gas sparging on degradation efficiency of GMF; Experimental
conditions: pH=5.5, [GMF]0= 20mg/L, [catalyst]= 1 g/L, gas flow
rate= 15 L/h and ultrasonic power= 300W.

Fig. 9. The effect of organic (a) and inorganic (b) scavengers on the GMF degradation by US/ZnO-BC process; Experimental conditions: pH=5.5, [GMF]0= 20mg/
L, [Catalyst]= 1.5 g/L, ultrasonic power=300W and [scavenger]0= 20mg/L.

Fig. 10. Degradation efficiency for five consecutive sonocatalytic runs.
Experimental conditions: pH=5.5, [GMF]0= 20mg/L, [catalyst]= 1.5 g/L
and ultrasonic power=300W.
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3.5. Transformation products and degradation pathway

The intermediates generated in GMF solution treated through US/
ZnO-BC process were identified using GC-MS analysis after 10min so-
nocatalysis, and accordingly a reasonable degradation pathway was
proposed. The details of the main intermediate products produced from

GMF degradation and proposed degradation pathway are shown in
Table 2 and Fig. 12, respectively. From Fig. 12, 1,8-Naphthyridin-4-one,
2-amino-1-piperazin-1-ylethanone and 2-propen-1-ol were detected as
three dominant intermediate products in the early steps of the reaction.
It must be pointed out that there might be other compounds resulted
from GMF dissociation before the formation of these compounds that

Fig. 11. SEM images of ZnO-BC after sonocatalytic process with different magnifications.

Table 2
Identified intermediate compounds during sonochemical degradation of GMF.

No. Compound name Structure Retention time (min) Main fragments

1 1,8-Naphthyridin-4-one 18.145 63 (24.31%), 78 (39.62%), 118 (51.27%), 146 (100%)

2 3-(Pyridin-2-ylamino)prop-2-enal 13.048 51 (15.81%), 78 (34.98%), 119 (100%), 148 (27.69%)

3 2-Amino-1-piperazin-1-ylethanone 23.659 44 (100%), 56 (19.56%), 85 (35.73%), 114 (19.08%)

4 N-[2-(Dimethylamino)ethyl]glycinamid 11.207 32 (22.74%), 42 42.92%), 58 (71.84%), 86 (100%)

5 N-(6-Aminohexanoyl)glycine 16.372 30 (27.43%), 44 (29.46%), 72 (67.19%), 86 (100%)

6 2-Propen-1-ol 8.634 29 (51.79%), 31 (41.20%), 39 (24.95%), 57 (100%)

7 1,2-Propanediol 5.861 27 (38.61%), 31 (51.37%), 45 (100%), 61 (17.09%)

Fig. 12. Proposed degradation pathway of GMF.
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were not identified. The further oxidation of 2-propen-1-ol on ZnO-BC
nanocomposite generated 1,2-propanediol. Evidently, subsequent oxi-
dation of 1,8-naphthyridin-4-one resulted in the generation of 3-(pyr-
idin-2-ylamino)prop-2-enal as one of the first ring cleavage products.
The attack of reactive species lead to the cleavage of pyridine ring of 3-
(pyridin-2-ylamino)prop-2-enal to generate N-(6-Aminohexanoyl)gly-
cine. On the other hand, N-[2-(Dimethylamino)ethyl]glycinamid was
produced through ring-opening of 2-amino-1-piperazin-1-ylethanone.
Eventually, all the aliphatic compounds could be mineralized into H2O,
CO2 and inorganic ions. The mineralization of an organic contaminant
that contain N heteroatom proceeds via production of different by-
products such as amides and carboxylic acids, which are eventually
mineralized to H2O and CO2 and release inorganic ions. Hence, a de-
crease in COD concentration as well as an increase in inorganic ions
concentration in the treated solution could be reasonable indicators for
mineralization of the pollutant [69]. Thus, the COD and IC analyses
under the optimized values of the operational parameters were used to
evaluate the efficiency of US/ZnO-BC process. 58.3% and 83.7% COD
removal efficiencies were observed within 45 and 90min treatment,
respectively. In addition, the results obtained from IC analysis revealed
that upon degradation of GMF molecules, the N atoms were released as
NO−

3 anions and NH+
4 cations. The initial concentration of NO−

3 and
NH+

4 ions in the GMF solution were 0.09 and 0.05mg L−1 which in-
creased to 8.4 and 5.7 mg L−1 within 45min treatment.

3.6. Phytotoxicity assessment

Lemna minor (L. minor) is a rapidly spreading aquatic plant and
because of its small and widespread genome size, it is an appropriate
species for investigation of pollutant phytotoxicity [70]. In order to
study the phytotoxicity of GMF solution, fifty fully-grown fronds of L.
minor were placed in a 500mL beaker containing 4mL of culture
medium and 200mL of the solution. Water, GMF solution (20mg L−1)
and treated GMF solution were chosen as testing solutions. Eq. (19) was
used to calculate the Relative Frond Number (RFN) [71].

= −Relative Frond Number (RFN) (Frond N Frond N )
Frond N

10 0

0 (19)

where N0 and N10 demonstrate the frond numbers at the beginning and
after 10 days, respectively. The RFN was measured as 1.44, 1.24 and
0.16 for water, treated GMF solution and untreated GMF solution, re-
spectively (Fig. 13a–c). These results imply that the toxicity of GMF
solution is remarkably higher than that of all the other samples. After
treatment of GMF solution through US/ZnO-BC process, the RFN in-
creases from 0.16 to 1.24 demonstrating the reduction in toxicity. It
should be mentioned that the solutions with higher toxicity have lower
pigment contents because of the plants death. The phytotoxicity of GMF
solution was proved by its lower pigment contents. The pigment con-
tents significantly increased after GMF degradation, revealing that the
low toxic by-products and products were produced through the US/
ZnO-BC process (Fig. 13d).

4. Conclusions

Zinc oxide nanorods supported on biochar were successfully syn-
thesized by facile and low temperature hydrothermal method. The re-
sults obtained from the characterization of ZnO-BC nanocomposite by
XRD, EDX, FESEM, TEM, BET and FT-IR analyses clearly confirmed the
growth of ZnO nanorods on the porous surface of biochar. The ZnO-
biochar nanocomposite showed greater sonocatalytic performance as
compared to pure ZnO nanorods and bare biochar. The influence of the
different parameters including the catalyst dosage, initial GMF con-
centration, pH and ultrasonic power on the sonocatalytic efficiency
were studied. For 45min ultrasonic irradiation, 1.5 g L−1 ZnO-bio-
char addition amount, pH=5.5 and 20mg L−1 GMF concentration
conditions, the sonocatalytic degradation efficiency could reach 96.1%.

Based on the results of GC–MS, COD and IC analyses it could be con-
cluded that GMF was first decomposed to aromatic and aliphatic in-
termediates in the early stage of the reactions and then mineralized to
CO2, H2O and inorganic ions. Addition of gases enhanced the GMF
degradation efficiency by increasing the nucleation sites in aqueous
medium and enhancing pressure and temperature of cavitational

Fig. 13. Macroscopic images of L. minor in (a) water, (b) treated GMF solution
and untreated GMF solution (c) and (d) evaluation of total chlorophyll, chlor-
ophyll a, chlorophyll b and total carotenoides in the samples.
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bubbles. Finally, the phytotoxicity tests showed that the sonodegrada-
tion of GMF solution significantly reduced the solution toxicity com-
pared to the untreated solution.
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