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Abstract
In the present study, magnesium oxide/granular activated carbon (MgO/GAC) composite as a catalyst 
was synthesized using the sol-gel method and its catalytic potential was investigated in the presence 
of ultraviolet (UV) irradiation for the removal of cephalexin (CLX) in a batch mode reactor. Then, the 
characterization of the MgO/GAC composite was determined by X-ray diffraction (XRD) and scanning 
electron microscopy (SEM). Next, the effect of operational parameters was evaluated, including the 
pH of the solution (3-11), the dosage of composite (1-6 g/L), initial CLX concentration (20-100 mg/L), 
and contact time (10-60 minutes). The maximum CLX degradation with an initial concentration of 
20 mg/L was as high as 98% at pH=3, 4 g/L of MgO/GAC composite with UV irradiation within 
60-minute contact time. In addition, the removal process of CLX could be described by the pseudo-
first-order kinetic. Further, the chemical oxygen demand (COD) and total organic carbon (TOC) 
removal rate were 78% and, 62.3% in optimum conditions, respectively. The results indicated that 
the UV/MgO/GAC hybrid photocatalytic process can be considered as an efficient alternative for 
treating the wastewater containing CLX.
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1. Introduction
The presence of drugs and their products in wastewater 

is the main recent concern related to environmental 
hazards (1). Antibiotics, a well-known type of drug, 
are used in humans for pharmaceutical treatment and 
microbial contamination prevention (2). In addition, 
residual antibiotics are identified in groundwater (3), 
surface water (4), streams (5), sludge (6), soil (7), and 
sediment (8). Among different antibiotics, cephalexin 
(CLX), as a famous member of the cephalosporin family, 
is extensively used to treat bacterial infections from 
the respiratory tract, middle ear, along with skin and 
bones. This organic pollutant is treated insufficiently by 
conventional treatment processes and may have harmful 
effects on the health and ecosystems (9). Therefore, 
the removal of antibiotic residues is important and has 
generated much research interest. Chemical, physical and 
biological methods including chemical oxidation (10), 
biological treatment (11), and physical techniques (12) 
are used for the removal of antibiotics from the aqueous 

environment. However, it is necessary to develop new 
methods for the effective removal of antibiotics due to 
the low efficiencies of the above-mentioned methods 
and the inability of their use. Advanced oxidation 
processes (AOPs) are widely used for the removal of the 
antibiotic compounds in aquatic systems. In recent years, 
different AOPs such as Fenton and Photo-Fenton (13), 
ozone oxidation (14), sonolysis (15), and photocatalytic 
oxidation (16) have been applied for degrading a majority 
of antibiotic compounds in polluted water. Photo-based 
AOP is an oxidation technology that introduces ultraviolet 
(UV) irradiation to assist the production and use of free 
radicals as strong and non-selective oxidants (17). The 
use of UV irradiation, along with oxidants including 
hydrogen peroxide (18), ozone (19), and persulfate 
(20) could be effective for improving the function of 
oxidation processes. Previous research has evaluated 
the photodegradation of antibiotics by direct absorption 
of UV irradiation (21) and combined UV/hydrogen 
peroxide, UV/periodate, and the like (22). Recently, the 
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application of the photocatalytic process, in which a 
catalyst is exposed to UV irradiation to generate hydroxyl 
radicals (OHº), has been widely considered due to its cost-
effectiveness and high efficiency (23). A photocatalyst 
is a material that improves the chemical reaction rate 
via adsorbing light to bring it to a higher energy level 
without final consumption (23). In addition, magnesium 
oxide (MgO) semiconductors are an important type of 
metal oxide that can be used as photocatalytic agents in 
AOPs because of their non-toxicity, unique chemical, 
mechanical, electronic and optical properties, stability, 
wide energy band gap, and cost effective (24). MgO can 
be excited by UV irradiation, resulting in the transition 
of the electron from the valence band to the conduction 
band and the formation of holes (MgOsurf h+) and free 
electrons (MgOsurf e

−) on the surface of MgO. MgOsurf h
+ 

with high oxidative ability leads to the direct oxidation 
of organic contaminants. Hence, nonselective and highly 
reactive radicals such as hydroxyl radicals are formed 
by the reaction of the hole with hydroxyl anions and the 
decomposition of water, which can attack a wide range of 
organic and inorganic contaminants by converting them 
into CO2 and H2O (25). 

Some studies have used MgO nanoparticle as a catalyst 
for degrading organic pollutions in photocatalytic 
processes (26,27). These studies clearly indicated that 
photocatalytic processes using MgO nanoparticles 
increased the efficiency of organic pollutants from an 
aqueous medium. However, the separation and recycling 
of MgO nanoparticles from the reaction medium are 
more difficult and expensive, which limits its uses on 
large-scale applications (28). To resolve the above-
mentioned technical challenges regarding the use of MgO 
powder, granular supporting materials coated with MgO 
are reported to be a feasible alternative (28). Various 
materials including zeolites, clay, silica, and activated 
carbon (AC) are considered as supporting materials (29). 
Among these materials, granular activated carbon (GAC) 
is considered for use as the support of MgO due to its 
unique characteristics such as high specific area, highly 

developed porous structure, low specific density, and low 
cost superiority (30). Furthermore, GAC as a supporter 
could absorb increased contaminates to prevent the 
shock loads, participate in the radical generation, and 
decompose excess hydrogen peroxide (31). To the best of 
our knowledge, no study has focused on the degradation 
of CLX by MgO/GAC as the catalyst composite in the 
presence of UV irradiation. Therefore, the current study 
aimed to assess the efficacy of the UV/MgO/GAC process 
to remove CLX via batch experiments. Finally, the study 
evaluated the effect of operational parameters such as 
the pH of the solution, different dosages of catalyst, and 
different initial CLX concentration.

2. Materials and Methods

2.1. Chemicals and Reagents
CLX (98%; C16H17N3O4S) (Fig. 1) and GAC were 

purchased from Sigma Aldrich (St. Louis, MO, USA) and 
Mg(NO3)2_6H2O (>99% purity), NaOH, and H2SO4 were 
obtained from Merck Chemical Company (Germany). 
Further, the other chemicals were of analytical grade 
and used without further purification. Furthermore, 0.1 
M sulfuric acid (H2SO4) and 0.1 M sodium hydroxide 
(NaOH) were applied to adjust the pH of the solutions. 
Eventually, all solutions were prepared by distilled water 
from the Water Distillation in Chemistry Laboratory, the 
School of Public Health. 

2.2. Preparation and Characterization of Catalyst
In this study, the sol-gel method was used to prepare 

the GAC/MgO composite. In this method, 10 g of 
Mg(NO3)2_6H2O was initially dissolved in 500 mL 
deionized water. After stirring for 15 minutes, 3 mL of 
NaOH (1 N) was added drop by drop under high stirring, 
followed by adding 10 g of GAC and further stirring for 
about 60 minutes. The mesh size of GAC was about 14-
18 (1-1.41 mm). The GAC used as the support was pre-
washed with deionized water and dried in an oven at 60ºC 
for 6 hours. Then, the suspension was transferred into a 

Fig. 1. Molecular Structure of Cephalexin. Fig. 2. Schematic Diagram of the UV Reactor.
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settling beaker and allowed to settle for 60 minutes and the 
supernatant of the suspension was discharged accordingly. 
As a result, GAC covering was completed with a white 
layer of Mg(OH)2 gel on the surface of GAC. Moreover, 
the Mg(OH)2 covered GAC was dried in an oven at 100ºC 
for 3 hours. Additionally, the calculation process was 
achieved to convert Mg(OH)2 to MgO nanoparticles in 
the air at 500ºC for 2 hours. The surface morphology of 
the GAC and GAC/MgO composite was visualized using 
the scanning electron microscopy (SEM) as well. Finally, 
the crystal structure of the GAC/MgO composite was 
analyzed using the X-ray diffraction (XRD) (Bruker-AXS, 
Germany) by Cu-Kα radiation in the 2θ angles ranging 
from 20°C to 80°C.

2.3. Photoreactor
All the experiments for CLX removal were carried 

out using a lab-scale stainless steel photoreactor. A 
tubular glass photoreactor with a respective total and 
working volume of 2.5 and 1 L was used to perform the 
experiments. The UV-C irradiation source for activating 
MgO/GAC composite was a low-pressure mercury-
vapor lamp (55 W, radiation flux for degradation 253.7 
nm, Philips Company). Fig. 2 illustrates the graphic 
representation of the experimental setup. 

2.4. Experimental Procedure 
In this experimental study, CLX removal was obtained 

in the batch scale by adding MgO and GAC as a catalyst 
and a supported catalyst to the synthetic solution, 
respectively. Briefly, the pH of the CLX sample (1000 mL) 
was adjusted to the desired level using NaOH and H2SO4 
solutions (0.1 mol/L). Then, MgO/GAC composite (1-6 
g/L) and CLX (20-100 mg/L) were added to the mixed 
solution, followed by feeding the solutions into the 
photoreactor in AOPs. Next, the samples were achieved 
from the reaction vessel at fixed intervals using a 30 

mL syringe and pipetted into glass vials. Eventually, all 
experiments were repeated twice to reduce the test errors 
and the averages were reported accordingly.

2.5. Analyses
The samples were taken from the UV reactor at 

different time intervals and were filtered through a syringe 
membrane filter (0.2 µm pore size) to remove the MgO 
particles. Then, the initial and remaining concentrations 
of CLX were determined, according to (32,33), by 
spectrophotometry (DR 5000, Hach,). Eight samples were 
prepared from the stock solutions of CLX in the range of 
0.1-10 mg/L to prepare a standard curve (R2 = 0.9927). 
A total of 432 samples was tested and all tests were run 
three times. In addition, all devices were calibrated with 
a standard solution to ensure reliability across the tests. 
The efficiency of CLX removal was determined by Eq. (1) 
as follows: 

(%) = ( 0

0

)tC C
C
−

×  100   (1)

where %, C0, and Ct represent the percent of CLX 
removal, initial concentration, and final concentration 
after different times, respectively (34). Two kinetic 
models (i.e., first- and second-order types) were used to 
determine the kinetics coefficients (21).

3. Results and Discussion

3.1. Characterization of Mg/GAC Composite
Figs. 3a and 3b illustrate the results related to SEM 

micrographs of the surface morphology of GAC and 
MgO/GAC composite, respectively. As shown, the GAC 
had an inhomogeneous and granular structure (35) while 
the MgO/GAC had a flattened surface with heterogeneous 
small holes. As a result, the surface morphology of the 
GAC extremely improved after coating with MgO. To 
investigate the species of coated MgO/GAC, sample of 

Fig. 3. Scanning Electron Microscopy Image of (a) Granular Activated Carbon GAC Alone and (b) Magnesium 
Oxide/GAC.
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MgO/GAC was analyzed by X-ray diffraction analyses and 
compared to GAC. The XRD pattern of GAC and MgO/
GAC is depicted in Fig. 4. The peak positions at 43.2°, 
50.3°, and 73.8 2θ on the XRD pattern of MgO/GAC are 
attributed to reflections of MgO and the broad diffraction 
peak at 43.6° of GAC was attributed to the reflectance. 
The attendance of MgO in the structure of the MgO/GAC 
composite achieved the calcination of Mg(NO3)2 at 500°C 
on the GAC as the support as well (36).

3.2. Effect of pH
According to Seid-Mohammadi et al (34), the pH of 

the solution is considered as an effective factor for the 
removal of organic pollutants using the AOPs. The effect 
of initial pH on the CLX removal rate in the MgO/GAC/
UV system was examined under different pH levels 
ranging from 3 to 11. The experimental conditions were 
20 mg/L CLX, 1.5 mg/L MgO, and 2 g/L GAC at different 
contact times. The results are displayed in Fig. 5. Based 
on the results, CLX removal efficiency considerably 
decreased by increasing the initial pH from 3 to 11 and 
the CLX removal efficiency was 95%, 73%, 72%, 70%, 
and 66% at a pH of 3, 5, 7, 9, and 11 within 60-minute 
contact time, respectively. As shown, the removal of CLX 
in acidic solution improved, which is in accordance with 
the results of previous studies (37,38). MgO is excited to 
produce positive holes in the valence band (hv+

vb) with 
an oxidative potential, as well as negative electrons at the 
conduction band (e−

cb) with a reductive potential, as Eq. 

(1) as follows (39):
 

   
hv

cb vbMgO e hv− +→ +

These holes and electrons can generate hydroxyl radicals 
due to the reactions of OH−, H2O, and O2 at the surface of 
MgO according to Eqs. (2-4) as follows (40):

( )   
vbhv

surfaceOH OH
+

− °→    (2)

( )2    
vbhv

absorbedH O OH H
+

° +→ +   (3)

( ) 22    
cbe

absorbedO O
−

°−→    (4)

Asgari et al indicated that hydroxyl radical has the 
highest redox potential in acidic conditions (41). 
Furthermore, most of the CLX is separated into an ionic 
form (pKa = 6.88) in acidic conditions, which has most 
reactivity compared to unseparated CLX (42). Based on 
the results, when the initial pH was increased, the CLX 
removal rate gradually decreased as well. This is probably 
because the MgO ions conversion to Mg+2 ions combined 
with water producing Mg(OH)2 precipitated and settled 
down reduces the availability of Mg in the solution 
according to Eq. (5). 

Fig. 4. X-ray Diffraction Pattern of (a) Granular Activated Carbon 
(GAC) Alone and (b) Magnesium Oxide/GAC.

Fig. 5. Effect of Initial pH on Cephalexin Degradation (CLX=20 
mg/L, MgO/GAC=4 g/L)

Fig. 6. Effect of Magnesium Oxide/Granular Activated Carbon 
Composite Dosage on Cephalexin (CLX) Degradation (pH=3 and 
CLX=20 mg/L)
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( )2 2
MgO H O Mg OH+ →   (5)

In addition, more hydrogen peroxide is decayed without 
improving the oxidation (43). 

3.3. The Effect of MgO/GAC Composite
The effect of the initial dosage of MgO/GAC composite, 

ranging from 1 to 6 g/L, on CLX removal was investigated 
and the results are illustrated in Fig. 6. The results 
showed that the CLX removal efficiency demonstrated 
an increase from 54.9% to 92% when the dosage of 
MgO/GAC composite increased from 1 to 4 g/L. This is 
because the generation of free hydroxyl radicals enhanced 
by increasing the MgO/GAC composite dosage, which 
improved the CLX removal rate. Based on previous 
evidence, MgO is highly reactive with high potential for 
generating the radicals, which nonselectively attack CLX 
molecules (28). Although adding an excessive dosage of 
MgO/GAC composite higher than the optimum dose 
may decrease the CLX removal efficiency due to the 
production of Mg2+, it scavenges the generated hydroxyl 
radicals, leading to a reduction in the CLX removal rate. In 
addition, several studies reported that the photo sorption 
of MgO/GAC composite and the number of active 
sites strongly influence the removal of contaminants. 
Further, an optimum dosage of MgO/GAC composite 

can increase the formation of electron/hole pairs and 
lead to the production of hydroxyl radicals for enhancing 
photodegradation. Furthermore, UV penetration 
reduction due to MgO/GAC composite overdose leads to 
opacity, which is related to surplus catalyst clusters and 
thus a simultaneous time increases in the scattering effect 
(44,45). 

3.4. Effect of Initial CLX Concentration
The study further evaluated the effect of the initial CLX 

concentration ranging from 20 to 100 mg/L on the CLX 
removal rate, the results of which are depicted in Fig. 7. 
As shown, the degradation of CLX efficiency decreased 
when the initial CLX concentration increased to about 
100 mg/L. Moreover, the complete degradation of CLX 
was achieved at 60-minute contact time at a concentration 
of 20 mg/L CLX solution. Additionally, the removal rate 
decreased by an increase in the CLX concentration due 
to a reduction in hydroxyl radical generation (46). This is 
in line with the results of Moussavi et al (47) and Rivera-
Jaimes et al (30).

3.5. The CLX Removal by Different Systems
Fig. 8 displays the comparison of the CLX removal 

in different systems including MgO, GAC, UV, MgO/
UV, GAC/UV, MgO/GAC composite, and MgO/GAC/
UV. The experimental conditions were UV irradiation, 
the CLX of 20 mg/L, a pH of 3, and 60-minute contact 
time. The results revealed that 1.5 mg/L MgO could 
achieve a 9.8% CLX removal rate, which was attributed 
to the limited oxidizing ability of MgO. As shown, the 
efficiency of CLX removal by the MgO/UV and GAC/UV 
systems is higher compared to single MgO, GAC, and UV 
systems. After 60 minutes, the removal of CLX was about 
65% and 65.5% for the combined MgO/UV and GAC/
UV, respectively. Similarly, the MgO/GAC hybrid had a 
catalytic efficiency 2.7 times that of GAC alone (Fig. 7), 
which means that GAC had a lower oxidation rate (28). 
The related result showed that the CLX removal was 
refractory to the MgO induced oxygen activation and 

Fig. 9. Chemical Oxygen Demand and Total Organic Carbon 
Removal Rate in Optimum Conditions (pH=3, MgO/GAC=4 g/L, 
and CLX=20 mg/L)

Fig. 8. Effect of Different Systems on Cephalexin Degradation.

Fig. 7. Effect of Initial Cephalexin Concentration on its 
Degradation   (pH=3 and MgO/GAC=4 g/L).
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the formation of hydroxyl radicals was induced by the 
activation of MgO using UV irradiation which was not 
enough to continue the removal of CLX. It was also found 
that UV irradiation could activate MgO via Eq. (6).
 

2  vbMgO hv Mg O+ + °+ → +   (6)

Likewise, UV irradiation could improve the 
photocatalytic AOP efficiency due to its ability for 
generating OHº  in the solution (48). Accordingly, the CLX 
removal rate enhanced up to 95% following adding GAC as 
catalyst support to the solution with MgO in the presence 
of the UV irradiation. This phenomenon indicated that 
a specific and synergistic effect exists between MgO and 
GAC in the presence of UV irradiation. In addition, the 
synergistic effect may be defined by UV initiation which 
increases the mass transfer rate of the system.  

3.6. Mineralization of CLX
In this study, the chemical oxygen demand (COD) 

and total organic carbon (TOC) were investigated to 
determine the efficiency of CLX removal in MgO/GAC/
UV at optimal conditions and the obtained results are 
illustrated in Fig. 9. The experimental conditions were 
based on the achieved optimal parameters, including a 
pH of solution 3, the MgO dosage of 1.5 mg/L, the GAC 
of 2 g/L, and MgO/GAC composite 4 mg/L at different 
contact times. Fig. 8 displays that the rates of CLX 
mineralization regarding COD and TOC removal were 
78% and 62.3% after 60-minute contact time, respectively. 
However, the results showed that the CLX degradation 
rate was 98% under the same operational conditions, 
which is extremely higher than the removal rates of COD 
and TOC since CLX was converted into intermediate 
metabolites. This finding is in agreement with a report 
by Rizzo et al. for the removal of diclofenac by using 
photocatalyst oxidation (49). They reported that the COD 
removal rate was 85% whereas its removal rate was 94%. 
These results corroborate the results of Xekoukoulotakis 
et al (50).

3.7. Kinetic Analysis

Chemical kinetics is applicable for investigating the rate 
of chemical compound reactions. The rate of a reaction 
could be expressed by decreasing the concentration of a 
reactant in reaction time or increasing the concentration 
of their product per reaction time (34). In this study, the 
pseudo-first- and second-order kinetics models were 
applicable for CLX removal and were calculated using 
Eqs. (6) and (7). Thus, the kinetics of the CLX antibiotic 
removal was studied in optimum conditions by using the 
above-mentioned models. The results are presented in 
Figs. 10 and 11 and Table 1. According to the results, the 
regression coefficients (R2) of the kinetic model for the 
first- and the second-order models were 0.97 and 0.85, 
respectively. In addition, the pseudo-first-order model 
was achieved with a considerable coefficient of correlation 
(R2) and was the preferable model to fit the data of CLX 
removal compared to the other kinetics model. The 
experimental result further indicated that the GAC/MgO 
composite was an efficient degraded composite for the 
CLX removal from aqueous solution. The obtained rate 
constant (k) for CLX antibiotic removal was 0.0255 min−1 

using the MgO/GAC/UV hybrid process. These results 
are in conformity with the results of Seid-Mohammadi et 
al (34), Rocha et al (51), and Samarghandi et al (52).

                                                                                   (7)0
1ln

t

C k t
C

 
= − 

 
    

Fig. 10. Pseudo First-Order Plot for Cephalexin Removal Utilizing 
the UV/MgO/GAC System.

Fig. 11. Pseudo Second-Order Plot for Cephalexin Removing 
Using the UV/MgO/GAC System.

Table 1. Kinetic Parameters of CLX Removal by the MgO/GAC/UV AOPs

C0 (mg/L)
Pseudo-first order Pseudo-second order

K (min-1) R2 K (L/mg.min) R2

C0=20 mg/L 0.03 0.87 0.006 0.75

C0=40 mg/L 0.02 0.90 0.002 0.74

C0=60 mg/L 0.03 0.93 0.002 0.78

C0=80 mg/L 0.03 0.98 0.001 0.92

C0=100 mg/L 0.03 0.97 0.0005 0.85

Note. CLX: Cephalexin; MgO: Magnesium oxide; GAC: Granular activated 
carbon; UV: Ultraviolet; AOPs: Advanced oxidation processes
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where C0 and Ct are the initial and final concentrations 
of CLX an3tibiotic, respectively, and k is a constant of 
removal value. Finally, k value is equal to the slope of the 
plot of ln (C0/Ct) versus time t.

4. Conclusion
The present study investigated the photocatalytic 

degradation of CLX antibiotic at different operational 
parameters using the UV/MgO/GAC system. It was 
observed that the degradation of CLX was affected by 
varying the pH range of 3-11. The highest CLX removal 
rate was achieved at pH=3. In addition, the degradation 
of CLX was found to increase by increasing the MgO/
GAC composite by varying the dosage range of 1-4 g/L 
while the degradation rate decreased above 4g/L. The 
experimental results indicated that the CLX removal rate 
relies on CLX initial concentration and the removal rate 
decreases by increasing the CLX initial concentration. 
Under optimal situations, the COD and TOC removal 
efficiency were obtained to be 78% and 62.3%, 
respectively. Therefore, the removal process of CLX could 
be described by pseudo-first-order kinetic. Considering 
the above-mentioned results, the UV/MgO/GAC system 
is suggested as an appropriate technique for removing 
CLX in the wastewater.
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