
1. Introduction 
The presence of pharmaceutically active compounds 
(PhACs) in aquatic environments has been identified as 
an emerging concern. Among various PhACs, antibiotic 
compounds have received specific consideration due to 
their acute and chronic adverse effects on human health as 
well as increasing bacterial resistance in aquatic ecosystems 
(1-3). Moreover, PhACs can cause adverse effects on 
terrestrial and aquatic life even at low concentrations (4). 
In Iran, more attention should be paid to the elimination 
of amoxicillin (AMX) due to its high consumption. More 
than 80% of AMX is not metabolized by the human 
body (3,5,6). Therefore, it is principally released into 
the aqueous environment through excretion, urine, 
and disposal of expired AMX capsules (7). Wastewater 
treatment systems cannot remove and degrade AMX 
molecules, resulting in the contamination of aquatic 
environments (4,8). Various treatment technologies 
are proposed to degrade and remove AMX. However, 

advanced oxidation processes (AOPs), including 
ozonation, Fenton, and photo-Fenton, are studied as the 
most effective treatment methods based on the generation 
of hydroxyl radicals (OH•) for the degradation of emerging 
refractory organic compounds such as pharmaceuticals 
(2,5,9). The photocatalytic process is one of the distinctive 
AOPs based on the generation of pair electron/hole on the 
surface of semiconductors and the subsequent generation 
of OH• in the solution by the reaction of photo-generated 
holes (h + ) with water molecules (3,10,11). Many 
semiconductors are manufactured as photocatalysts to 
degrade target pollutants in the aqueous phase, including 
ZnO (12), TiO2 (7,13), BiPO4 (14), CdS (15), SnO2 (16), 
HgS (17), Ag3PO4 (18), Ga2O3 (19), ZnS (20), ZrO2 (21), 
CeO2 (22), BiVO4 (23), WO3 (24), and so on. However, 
the development and application of magnesium oxide 
(MgO) as an efficient and novel catalyst draws more 
attention among researchers due to its non-toxic nature, 
excellent thermal and mechanical durability, large band 
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Abstract
The main objective of the present research study was the application of magnesium oxide (MgO) 
nanoparticles implanted in the matrix of biosilica for treating amoxicillin (AMX)-containing 
synthetic wastewater. Field emission scanning electron microscopy (FE-SEM) and X-ray 
diffraction (XRD) were used for the characterization. Although the efficiency of UV light alone 
was insignificant to degrade AMX (efficiency of 32%), the efficiency of the adsorption process 
was 42.6%, which implies the major role of the adsorption of AMX during its decomposition by 
photocatalysis. Regarding photocatalysis using MgO-implanted biosilica, increasing the initial 
pH from acidic to neutral conditions resulted in the enhanced removal of AMX (efficiency of 
76%). At an optimum reaction time of 60 minutes and a photocatalyst dosage of 2 g/L, the 
removal efficiency (%) of AMX was found to be 94.9%. In the presence of 1 mM oxalic acid, the 
removal efficiency of AMX was 54.9%. The intermediate byproducts of AMX decomposition were 
also identified utilizing gas chromatography-mass spectroscopy (GC-MS) analysis. According to 
the results obtained, the treatment process of adsorption-photocatalysis using MgO-implanted 
biosilica can be recommended as an efficient technique for the degradation of pharmaceutical 
compounds such as AMX in aqueous environments.
Keywords: Advanced oxidation processes (AOPs), Photocatalyst, Nanostructured magnesium 
oxide, Pharmaceutical compounds, Immobilization
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gap, and low dielectric constant (25). The formation of 
OH• during the photocatalysis using MgO nanoparticles 
is represented as follows:

( )MgO MgO h e hν − ++ → +                                               (1)

•
2H O H OHh+ ++ → +                                                         (2)

In our previous study, the sonocatalytic activity of 
MgO nanostructures was evaluated and proven to 
treat synthetic and real textile wastewaters (26). In the 
present study, apart from the application of MgO as 
a photocatalyst to decompose AMX, as-synthesized 
MgO nanoparticles were implanted in biosilica matrix 
to gain the advantages of immobilization. There was 
a successful experience regarding the application of 
biosilica as a support to immobilize ZnO nanoparticles 
in both sonocatalytic (27) and photocatalytic (12) 
reactors to treat textile wastewaters. The high porosity 
and consequently high surface area, along with a suitable 
solid matrix, make the biosilica a promising support to 
immobilize and implement nanostructured catalysts 
(12,27,28). Overall, the immobilization of nano-sized 
catalysts inhibits the release of nanoparticles into 
aqueous environments, improving cost-efficiency and 
the reusability potential of the catalyst (29). In addition, 
nanostructured photocatalysts are inclined to aggregate 
in the bulk solution, reducing their photocatalytic activity 
(7,30,31). However, the immobilization and implantation 
of nanostructures onto an appropriate carrier leads to the 
decomposition of fine particles in the solution (32). To 
the best of our knowledge, no research study has been 
conducted on the use of MgO-implanted biosilica for 
the photocatalytic degradation of AMX. In fact, MgO-
implanted biosilica is not used as a photocatalyst for 
environmental remediation at all. The mineralization rate 
of the target pollutant and intermediate identification 
were considered. The antimicrobial activity of AMX-
containing solutions was also investigated before and 
after photocatalysis by MgO-implanted biosilica under 
UV light irradiation.

2. Materials and Methods
2.1. Materials
Amoxicillin (molecular formula: C16H19N3O5S, molar 
mass: 365.4 g/mol, and CAS ID: 26787-78-0) and 
biosilica were purchased from Sigma-Aldrich, USA. 
Other materials and chemicals were obtained from 
Merck. Mg(NO3)2·6H2O was used as the precursor of 
MgO nanoparticles. To synthesize and implant MgO 
nanoparticles, 5.128 g of Mg(NO3)2·6H2O was dissolved 
in 100 mL of deionized water. Afterwards, 1 N NaOH 
solution was added slowly to the solution until its pH 
reached 10. The resulting suspension was magnetically 
stirred for 5 minutes. Then, 2.562 g of the biosilica was 
added to the resulting white precipitate and the mixture 
was kept under magnetic stirring for 10 minutes. The 

mixture was sonicated for 120 minutes at 50°C using an 
ultrasonic bath. In the following, the mixture was filtered 
and rinsed with deionized water and alcohol. Finally, the 
mixture was dried in an oven at 80 °C for 48 hours (33).

2.2. Experimental Set-up
A Plexiglas reactor with a working volume of 400 mL 
was applied to conduct the photocatalytic decomposition 
of AMX using MgO-implanted biosilica. Three 6-W 
low-pressure UVC lamps (lamp specification: wattage: 
6W, amperage: 0.16A, voltage: 42V, spectral peak: 253.7 
nm, length: 222.3 mm, diameter: 16 mm, Philips, the 
Netherlands) were used for irradiation. To keep the 
bulk solution homogeneous, it was stirred magnetically 
using a Heidolph magnetic shaker. To evaluate the effect 
of the adsorption process on the removal of AMX, the 
photoreactor was placed in the dark. 

2.3. Analysis
A KNAUER high performance liquid chromatography 
(HPLC, Model: AZURA, Germany) was used to measure 
the concentration of AMX in as-prepared samples. The 
instrument was equipped with a NUCLEODUR 100-5 
C18 column (25 cm × 4.6 mm × 5 u) and a UV detector 
(working wavelength of 254 nm) operated at room 
temperature. The mobile phase consisted of a mixture 
of phosphate buffer (pH: 4.5) and methanol with the 
volumetric ratio of 60:40 (at a specified flow rate of 1 
mL/min). Field emission scanning electron microscopy 
(FE-SEM) was used to evaluate particle size and surficial 
morphology of as-synthesized samples (TESCAN, Model: 
Mira3, Czech Republic). X-ray diffraction (XRD) was 
conducted using Cu as an anode material (PANalytical, 
Model: X’Pert Pro MPD, the Netherlands) to assess the 
crystallinity of the photocatalyst.

3. Results and Discussion
3.1. Morphological Investigation
FE-SEM images of pure MgO nanostructures and MgO-
implanted biosilica are provided in Fig. 1. Fig. 1a displays 
that as-synthesized MgO structures are within the nano-
range (lower than 100 nm). Fig. 1b indicates that the 
implantation of MgO nanoparticles in biosilica was carried 
out successfully. In fact, the porous structure of biosilica, 
which can be regularly seen in Fig. 1b, is an exceptional 
structure for the immobilization of nanostructured 
materials such as MgO. Fig. 2 exhibits the XRD pattern 
of MgO-implanted biosilica. As depicted, both MgO and 
biosilica peaks can be clearly observed. The peaks located 
at 21.81 and 26.72° are associated with biosilica structure 
according to JCPDS card number 00-001-0647 (12). The 
XRD pattern of MgO presented 4 diffraction peaks placed 
at 37.02°, 43.00°, 62.37°, and 74.64°, which are attributed 
to JCPDS card number 87-0653 (34).

3.2. Effect of Operational Parameters
The effect of operational conditions on the efficiency 
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of the treatment process was assessed using 4 main 
operational parameters, including initial pH, reaction 
time, MgO/biosilica dosage, and AMX concentration. 
In the following, the effect of the presence of competing 
organic compounds such as ethanol, methanol, oxalic 
acid, citric acid, EDTA, and phenol was also investigated. 
Before this, the role of each process involved in the 
removal of AMX via photocatalysis using MgO-implanted 
biosilica was specified under the same operational 
conditions (initial pH of 7, reaction time of 60 minutes, 
MgO/biosilica dosage of 1 g/L, and AMX concentration 
of 10 mg/L). According to the results, the efficiency of 
UV light alone was insignificant in the degradation 
of AMX (removal efficiency of 32%). The adsorption 
efficiency of AMX onto MgO-implanted biosilica was 
about 42.6%, indicating that the adsorption of AMX by 
the nanocomposite catalyst can be proposed as one of 
the main steps during the photocatalysis of AMX. In fact, 
the target pollutant is adsorbed onto the nanocomposite 
catalyst and then degraded through the hydroxyl radicals 
generated on the surface of the catalyst irradiated by UV 

light. The results demonstrated that the efficiency of the 
photocatalytic processes onto both MgO alone and MgO-
implanted biosilica was very significant in comparison 
with the UV light alone (photolysis) and adsorption 
process. The efficiency of the MgO/UV process in the 
decomposition of AMX was 71.7%, while the efficiency of 
the photocatalysis using MgO-implanted biosilica (MgO/
biosilica/UV) was 80.9% at a reaction time of 1 hour. 
This finding confirmed the fact that the immobilization 
of fine-sized catalyst onto a suitable support result in the 
de-aggregation of fine particles and higher photocatalytic 
activity for the degradation of the target pharmaceutical 
compound (32). The synergy percentage (%) of the 
MgO/biosilica/UV process in comparison with UV alone 
and adsorption alone was calculated by the following 
equation:

( )
( )/ / /

/ /

 / / %

100MgO biosilica UV MgO biosilica UV

MgO biosilica UV

Synergy ofMgO biosilica UV

RE RE RE
RE

=

− +
×                 (3)

Fig. 1. FE-SEM Images of MgO Nanostructures (a) and MgO-implanted Biosilica (b)

Fig. 2. XRD Pattern of MgO-Implanted Biosilica
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According to the above equation, the synergy percentage 
(%) was calculated to be 7.79%, implying the synergetic 
degradation of AMX by the MgO/biosilica/UV process in 
comparison with the individual processes of adsorption 
and photolysis (UV alone).

3.2.1. Initial pH
The initial pH of the bulk solution plays an important role 
in the photocatalysis of the target pollutant due to its effect 
on the generation of free radical species and the surface 
characteristics of the catalyst. In this regard, the initial 
pH of the reactor varied from 3 to 11, while the reaction 
time, MgO/biosilica dosage, and AMX concentration 
were fixed at 60 minutes, 1 g/L, and 10 mg/L, respectively. 
The results presented in Fig. 3 shows that increasing pH 
from acidic to neutral conditions results in an enhanced 
removal of AMX (up to 76%), while increasing pH from 
neutral to alkaline conditions resulted in an insignificant 
increase in the removal efficiency (82.9% at a pH value 
of 11). 

Overall, increasing the initial pH favored the degradation 
of AMX by the photocatalysis using MgO-implanted 
biosilica. To interpret these results, the zero-point charge 
(pHzpc) of the nanocomposite catalyst was determined. 
The immobilized MgO pHzpc of around 12 indicated that 
the surface charge of the catalyst was positive at pH values 
below 12. Therefore, the surface charge of the catalyst is 
positive throughout the ranges of pH studied. In the case 
of AMX, it varies from positive in acidic conditions to 
negative charge in basic conditions (35). Under acidic 
conditions, both catalyst and AMX are positively charged; 
therefore, the adsorption of AMX onto the catalyst 
and subsequent degradation were limited. Under basic 
conditions, the adsorption of negatively charged AMX 
onto the surface of the positively charged catalyst is 
desirable for efficient adsorption. Moreover, increasing 
the removal efficiency of AMX at basic conditions can be 
attributed to the presence of large amounts of hydroxyl 
ions (OH–), favoring the generation of hydroxyl radicals 
(OH•) on the surface of the catalyst (10). Considering 
both application viewpoint and economic aspects, the 
neutral pH of 7 was chosen as the optimal value for 

performing the rest of the experiments. Seid-Mohammadi 
et al showed that by reducing the initial pH from 11 to 3, 
the pollutant removal efficiency increased from 66% to 
95%. They reported that MgO in acidic conditions can 
generate more hydroxyl radicals, which have the highest 
redox potential (28). 

3.2.2. Reaction Time
The reaction time for the decomposition of AMX through 
the photocatalysis ranged between 10 and 180 minutes. 
Fig. 4 indicates the obtained results. As can be observed 
from the time profile, the adsorption and subsequent 
photocatalysis of AMX were fast at the beginning of 
the process, but the rate of adsorption gradually slowed 
down as the reaction time was extended until reaching 
equilibrium. As depicted, the removal efficiency (%) 
of AMX sharply increased from 40.4 to 80.9% with an 
increase in the time from 10 to 60 minutes, respectively. 
However, increasing the time from 60 to 180 minutes led 
to an insignificant increase in efficiency. In this period 
of time, the efficiency of removal increased by 10%. This 
trend, which was observed in the present study, may be 
ascribed to the large number of unoccupied active sites 
available for the adsorption and subsequent degradation 
of AMX molecules at the initial stages of the process (36). 
A similar trend was observed by Shi et al in their study 
on the photocatalysis of a pharmaceutical compound 
using Cu2O–TiO2 composite photocatalyst (7). Next, the 
reactor was operated with a reaction time of 60 minutes to 
conduct the following experiments, considering the cost-
effectiveness of the process. 

3.2.3. MgO/Biosilica Dosage
The photocatalytic process of AMX depends on the 
dosage of MgO-implanted biosilica as a nanocomposite 
photocatalyst. For this purpose, the catalyst dosage was 
changed within the range of 0.3-2 mg/L. Fig. 5 shows that 
increasing the dosage from 0.3 to 2 g/L resulted in an 
increase in the removal efficiency (%) of AMX from 34.2 
to 94.9%, respectively. Therefore, increasing the dosage 
of MgO-implanted biosilica favors the photocatalysis 
of AMX. Therefore, increasing the dosage of the 

Fig. 3. Effect of Initial pH on the Removal of AMX via Photocatalysis Fig. 4. Effect of Reaction Time on the Efficiency of the Photocatalytic Process
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nanocomposite catalyst provides higher active sites for 
the adsorption and decomposition of AMX. 

The higher the dosage of photocatalyst, the greater 
the availability of active surface sites (37). Moreover, 
the increased surface area is advantageous for UV light 
adsorption, leading to the enhancement of hydroxyl radical 
generation on the catalyst surface for the degradation of 
the target pharmaceutical pollutant (12,34). On the other 
hand, the efficiency of UV light adsorption is enhanced 
with increasing the dosage of the applied photocatalyst 
(30). Qu et al reported similar results in the case of the 
photocatalytic degradation of an antibiotic drug using 
TiO2/grapheme/activated carbon nanocomposite (38). 
Enhanced photocatalytic decomposition of AMX with 
increasing the dosage of catalyst indicated a heterogeneous 
photocatalytic regimen since the fraction of light absorbed 
by the catalyst gradually increased in the solution 
containing higher dosages of the catalyst (2). However, an 
optimum value of the applied catalyst should be selected 
to operate the process and improve its cost-efficiency. 
Elmolla and Chaudhuri reported that increasing the 
catalyst concentration from 0.5 to 1.0 g/L increased the 
degradation efficiency. However, increasing the catalyst 
concentration above 1 g/L did not significantly improve 
the degradation of the antibiotic. They stated that the 
high concentration of catalyst may reduce the penetration 
of light, resulting in more scattering of light, as well as 
accumulation and sedimentation of the catalyst (10). 

3.2.4. Solute Concentration
It is essential to evaluate the effect of solute concentration 
(target pollutant concentration) on the efficiency of 
a treatment process. In the present study, the initial 
concentration of AMX was changed from 5 to 50 
mg/L to assess the ability of MgO-implanted biosilica 
as a photocatalyst for the degradation of different 
concentrations of AMX under UV light irradiation. The 
results are shown in Fig. 6. Therefore, increasing the initial 
concentration of AMX caused a significant decrease in the 
efficiency of the treatment process. The removal efficiency 
(%) of AMX was obtained to be 94.0%, 79.0%, 68.9%, 
43.5%, 23.0%, 13.3%, and 10.9% at concentrations of 5, 

10, 15, 20, 30, 40, and 50 mg/L, respectively. The excessive 
concentrations of AMX may prevent the penetration of 
UV light into the catalyst efficiently generating hydroxyl 
radicals (39).

3.2.5. Presence of Competing Organic Compounds
To investigate the efficiency of the photocatalytic 
process under real conditions, its efficiency was checked 
in the presence of some prevalent competing organic 
compounds. For this purpose, the efficiency of the 
process was determined in the presence of ethanol, 
oxalic acid, methanol, EDTA, citric acid, and phenol at a 
concentration of 1 mM. Fig. 7 exhibits that the presence 
of all competing organic compounds leads to a decrease 
in the removal efficiency (%) of AMX. However, the 
inhibitory effect of oxalic acid, EDTA, and citric acid was 
dominant. Compared with the efficiency of the control 
reactor without competing organic compounds (78.3%), 
the efficiency of the process in the presence of ethanol, 
oxalic acid, methanol, EDTA, citric acid, and phenol 
was found to be 69.2%, 54.9%, 66.8%, 57.5%, 59.3%, and 
66.3%, respectively. The decrease in the AMX removal in 
the presence of some competing organic compounds with 
radical scavenging properties indirectly demonstrated the 
fundamental role of photo-catalytically generated OH• in 
the degradation of the target pollutant. 

3.3. Detection of Byproducts
The results of GC-MS analysis, which are provided in 
Table 1, were employed in order to show intermediate 
byproducts generated during the photocatalysis of 
AMX. The formation of intermediate byproducts with 
lower molecular weights indicated the good progress in 
the degradation of AMX by photocatalysis using MgO-
implanted biosilica. However, the reaction time (60 
minutes) applied for the photocatalysis of AMX was 
not sufficient to decompose the parent compound into 
inorganic byproducts.

4. Conclusion
The photocatalytic process using MgO-implanted 
biosilica was employed to decompose AMX in the aquatic 

Fig. 5. Effect of Photocatalyst Dosage on the Removal Efficiency (%) of AMX Fig. 6. Effect of AMX Concentration on its Removal Efficiency
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phase. Scanning electron microscopy confirmed the 
good structure of MgO alone and its immobilized form 
covering the biosilica bio-structure. The XRD pattern of 
MgO-implanted biosilica was also used to demonstrate 
the suitable structure of the nanocomposite catalyst for 
the photocatalysis of AMX in the solution. Preliminary 
results revealed that the adsorption of AMX onto the 
nanocomposite catalyst can play a major role in its 
removal from the bulk solution. Results indicated that 
the treatment process was pH dependent and was also 
influenced by the initial AMX concentration and catalyst 
dosage. Most of the AMX molecules were decomposed in 
a short period of time. The efficiency of the process was 
adversely affected in the presence of competing organic 
compounds, especially oxalic acid, EDTA, and citric acid. 
The identified intermediate byproducts generated during 
the photocatalysis of AMX indicated the need for longer 
exposure time for the complete decomposition of the 
parent compound. Overall, it can be concluded that the 
photocatalytic process of MgO/bioslica/UV can be applied 
as an effective treatment process to decontaminate AMX-
containing water and wastewater.
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