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Abstract 

The goal of the current study was to create a combined technique for the removal of 

two common antibiotics (amoxicillin and cefradine) using Fenton and an algal action 

process. The removal capacity of the individual algal treatment and the combined 

system was evaluated. The green algae Chlorella pyrenoidosa performed a compound 

-dependent removal efficiency. Due to the high tolerance of the algae to the impact of 

the antibiotics, most of the target compound amoxicillin (approximately 90%) were 

treated after a 48 h algal treatment at a relevant lower concentration (100, 200 and 300 

mg/L). However, when the concentration of the treated antibiotic increased to 400 and 

500 mg/L, the final removal rate decreased to less than 90%. For cefradine, the 

removal efficiency was always unsatisfactory at any given five concentration. 

Additionally, compared with the removal capacity of the individual algal treatment, a 

higher removal rate and a shorter treatment time were achieved using the combined 

Fenton-algal treatment, even when the relevant concentrations were increased to 1 g/L 

for the two target concentrations. Our results also indicated that a reduced amount of 

the Fenton reagent could not decrease the efficiency of the Fenton treatment process, 

and the removal contribution using the subsequent algal action was improved. 

 

Keywords: combined Fenton-algae; removal efficiency; antibiotic; reduced Fenton 

regent; high concentration 
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Introduction 

Since its discovery, antibiotics have been widely used as an effective drug among 

various pharmaceuticals. In China, as a result of the significant volume of production 

and the remarkable consumption rate, these compounds could also be found in aquatic 

environments through three main ways: hospital effluents, industrial wastewater and 

excrement from humans or livestock 1, 2. Antibiotic wastewater is of particular 

concern due to its unique properties: hardly biodegradable, high concentration of 

organic compounds, and large amounts of residual antibiotics 3. Biological treatment 

such as activated sludge is a widely used technology in current Sewage Treatment 

Plants (STPs). However, the organisms in the activated sludge usually depict 

antibiotic-type-dependent removal efficiencies 4-6. The impact of the residual 

antibiotics in the wastewater results in significantly low removal efficiency. 

Additionally, the sewage receives gut bacteria previously exposed to antibiotics; 

therefore, STPs are considered one of the dominant pollution reservoirs for antibiotics 

and antibiotic resistance genes (ARGs) 7, which creates a major environmental 

pollution. 

Considering the excellent capacity for oxidizing and decomposing most organic 

contaminants. The Advanced Oxidation Processes (AOPs) have been increasingly 

applied as a pretreatment step to enhance the biodegradability of wastewater 

containing recalcitrant or inhibitory compounds, which can be justified if the resulting 

intermediates are easily degradable in a further biological treatment. Among the 

different types of AOPs, the Fenton process is widely applied to combine the 
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subsequent biological processes 8-10. Considering the unique characteristics of the 

antibiotic wastewater, the aforementioned conventional approaches have their own 

obstacles. Consequently, the combination of Fenton as a preliminary treatment 

followed by a biological treatment was demonstrated to be a feasible process for the 

removal of antibiotics 11. 

Excluding the preliminary treatment step, how to explore possible alternative 

organism in the subsequent biological treatment excites our interest. Microalgae have 

a widespread ecological distribution, with an autotrophic growth that only simple 

nutritional requirements can maintain in strict inorganic medium with a continuous 

rapid growth speed. There were good applications of the green algae to treat antibiotic 

such as tetracycline 12, norfloxacin 13 and spiramycin 14. The primary concern for the 

release of antibiotics into the environment is related to the development of antibiotic 

resistant bacteria. The green algae was not the target organism of the antibiotic. 

Considering the abilities of the algae to treat the above antibiotics, we want to 

evaluate the possibility that the activated sludge is replaced by the green algae in a 

Fenton-biological integrated process for the removal of antibiotics. The goal of the 

current study is to investigate the potential of the algae in the Fenton-algae integrated 

process as a novel treatment to remove the two widely used antibiotics. Amoxicillin 

and cefradine, which are widely used in human and veterinary medicine, were 

selected as the target antibiotics. We aimed to test the hypothesis that the algal 

treatment could be combined with the Fenton reaction in an integrated treatment 

process. In addition, we also verified the feasibility that Fenton regent could be 
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further reduced in the combined system. 

2. Material and method 

2.1 Chemicals and analysis method 

The antibiotics amoxicillin (CAS No.:61336-70-7, purity >98%) and cefradine (CAS 

No.:38821-53-3, purity >98%) used in the tests were purchased from Yabang 

investment holding group CO., LTD. Methanol and acetonitrile were of HPLC grade. 

The hydrogen peroxide (H2O2, 30% w/w), heptahydrated ferrous sulfate 

(FeSO4·7H2O) and other chemicals were purchased from Sinopharm Chemical 

Reagent Co., Ltd. Amoxicillin was analyzed using a high-performance liquid 

chromatography (HPLC, Shimadzu LC-10AT). The wavelength of the UV detector 

was 255 nm (Shimadzu SPD-10A). The antibiotic samples were separated using an 

Inertsil ODS column (4.6 mm × 150 mm, 5 µm). The mobile phase of amoxicillin was 

an acetonitrile-pH 5.0 phosphate buffer (10:90). The flow rate was 1.0 mL/min at 

30°C. The mobile phase of cefradine was an acetonitrile-pH 3.9 phosphate buffer 

(7:93). The flow rate was 1.0 mL/min at 20 ± 1.0 ◦C. The quantization was performed 

using external standards and was based on the peak areas.  

2.2 Algal cultures 

The green algae C. pyrenoidosa (FACHB-1220), purchased from the Wuhan 

Hydrobiology Institute of Chinese Academy of Sciences, was cultured in BG-11 

media at 25 ± 1◦C and 4000 lux illumination (40 µmol photons/m2s) with a light: dark 

interval of 12h: 12h. The algae was normally cultured to reach the logarithmic growth 

phase before the treatment. The experiment had three replications per treatment. 
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2.3 Degradation of the antibiotics by the individual algal treatment process 

Two antibiotics at different given concentrations were added with an initial algal 

density of 4.5×106 cells/mL. The corresponding concentration of the two antibiotics 

was 100, 200, 300, 400 and 500 mg/L, respectively. The concentrations of the residual 

antibiotics in the treatment system were determined at 12, 24, 36 and 48 h, which 

were used to calculate the removal efficiency. Moreover, the algal population density 

was determined at the same time intervals described above. The algal cells were 

observed microscopically. The temperature and light condition of the algal treatment 

process was set as above.  

2.4 Degradation of the antibiotics by the Fenton-alga process combined system 

50 mL of the target antibiotic solution (concentration: 1 g/L) were placed in a 1 L 

reaction system, which was surrounded by a thermostat water bath and stirred using a 

mechanical stirrer. 10 mL of heptahydrated ferrous sulfate (FeSO4·7H2O) and 

hydrogen peroxide (H2O2, 30% w/w) at a fixed concentration (166.5 mg/L) were 

added with five H2O2/Fe2+ molar ratios (4:1, 7:1, 10:1 and 20:1). In the present study, 

the concentration of H2O2 was fixed while the concentration of Fe2+ was varied, hence, 

a higher H2O2/Fe2+ molar ratio indicates that more Fe2+ was actually added into the 

Fenton system. The pH value was adjusted using H2SO4/NaOH. The reaction time 

was recorded when H2O2 was added. Based on our preliminary experiment, the 

optimized Fenton process parameters were performed in the section (pH=3, 20 °C, 

reaction time: 30 min). The given concentrations (1 g/L) of amoxicillin and cefradine 

were initially treated by the optimized Fenton process (step I) and were then 

Page 6 of 25RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



transferred into the algal treatment process for further degradation (step II). Before the 

second treatment step started, the solution was cooled to 25 °C, and the pH value was 

adjusted to neutral (pH=7.0). After 48 h, the final concentrations of the antibiotics 

were determined. The total removal rate of the antibiotic using the Fenton-alga 

process combined system was evaluated. The algal population density was determined 

at the specified time intervals (0, 12, 24, 36 and 48 h). 

3. Results 

3.1 The individual algal treatment of the antibiotics 

To determine the feasibility of the algal treatment, the green alga Chlorella 

pyrenoidosa was initially applied to treat the antibiotics. Our first experiment was 

performed for the target of the final residues of the antibiotic concentration and the 

algal growth. The results in Fig. 1A illustrate that the total removal rate of amoxicillin 

was 97.36%, 95.12% and 94.69%, which were obtained over 48 h with concentrations 

at 100, 200 and 300 mg/L, respectively. Among them, up to 78.90%, 79.87% and 

72.59% of the total removal efficiency was attributed to the algal action in the first 12 

h. However, when the concentration of the treated antibiotic increased to 400 and 500 

mg/L, the final removal rate decreased to less than 90%. The alga demonstrated its 

efficiency to tolerate any given concentration of amoxicillin, as indicated in Fig. 1B. 

Regardless of the concentration, the algal population increased during 48 h, and there 

was no significant difference among the five treatment groups and the control 

(p>0.05). For cefradine, a maximum removal efficiency of 22.52%, 11.13% and 

7.28% was obtained at 48 h at a concentration of 100, 200 and 300 mg/L, respectively, 
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which indicated no significant difference in the removal efficiency at the three 

different concentrations of the antibiotic (Fig. 2A). Furthermore the result indicated 

that the removal efficiency attributed to the algal action in 24 to 36 h. However, the 

removal rate of the antibiotic at 400 and 500 mg/L was only 8.47% and 7.43%, 

respectively. Additionally, the green algae also maintained the growth capacity during 

the entire treatment process (Fig. 2B). The algal population increased since 48 h under 

any given concentration of the antibiotic, especially at the relevant high 

concentrations (400 and 500 mg/ L). The maximum of the algal density under the five 

concentrations of the target antibiotics was 87.56%, 86.83%, 84.78%, 83.47% and 

81.27% of the control algae at 48 h, respectively. It indicated that the green algae 

performed to be tolerated under the impact of cefradine. 

3.2 Effect of the combined Fenton-algal treatment  

As indicated in Fig. 3A, it is clearly illustrated that the total removal rate of 

amoxicillin reached 99.86%, 98.98%, 97.39% and 96.86%, respectively, after the 

combined Fenton-algal treatment at the given four H2O2/Fe2+ molar ratios. Although 

the removal efficiency was attributed to both the Fenton oxidation and the algal action, 

the contributions of the Fenton process and the green algae varied at the different 

H2O2/Fe2+ molar ratios. When the ratio was at 4:1 and 7:1, 88.20% and 84.13% of the 

antibiotic was removed, respectively, after the Fenton treatment process. Additionally, 

with an increase in the H2O2/Fe2+ molar ratio, the contributions of the green alga 

increased from less than 20% to 54.47 % (10:1) and 43.08% (20:1). More antibiotic 

was treated by the algal action and the primary removal efficiency attributed to the 
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algal action in the first 12 h. Similar results were obtained when the combined 

treatment was applied to remove cefradine (Fig. 3B). Only 4.50%, 5.16%, 5.84% and 

6.02% of the target antibiotic was residual, respectively after the total treatment. The 

contributions of the Fenton process and the green algae also varied at the different 

H2O2/Fe2+ molar ratios. With an increase in the ratio, the contributions of the green 

alga increased from 22.80% (4:1) to 57.11% (10:1) and then declined to 26.44% 

(20:1). Additionally, regardless of the H2O2/Fe2+ molar ratio, the primary removal 

efficiency attributed to the algal action in the first 12 h. 

However, compared with the satisfactory growth capacity during the individual 

algal treatment process, the algal population densities were significantly lower than 

that of those in control during the entire treatment process for the two antibiotics (Fig. 

4). For amoxicillin and cefradine, although the algal population increased slightly 

during the treatment when the H2O2/Fe2+ molar ratio was at 4:1, the maximum 

population size was 4.84 ± 0.02 and 4.29 ± 0.03 cells/mL, respectively, which was 

61.91% and 52.45% of that in control. However, the algal population declined 

continuously during 48 h at any other given molar ratios of H2O2and Fe2+ when 

treating the two antibiotics. As can be clearly seen in Fig.4, the inhibition in the algal 

growth may be due to the impact of the residual H2O2, Fe iron and the antibiotic. 

3.3 Effect of the combined Fenton-algal treatment with reduced Fenton reagent 

Because that the residual H2O2 and Fe iron may adversely affect the subsequent 

processing of the algae, reducing the amount of the Fenton reagent may weaken or 

even eliminate the impact. Our results indicated that the green algae performed best 
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when the H2O2/Fe2+ molar ratio was 10:1. Therefore, the Fenton reagent dosage was 

reduced 4 times at the given H2O2/Fe2+ molar ratio. The removal efficiency of the two 

antibiotics using the combined Fenton-algal treatment, which reduced the dosage of 

the Fenton reagent, is presented in Fig. 5. Generally, at the end of the treatment, only 

6.68% and 7.77% of the two antibiotics was residual, respectively. As the Fenton 

reagent dose was reduced, the final removal rate could reach to greater than 90%, 

which was nearly equal to that of the above normal combined treatment system. For 

amoxicillin, although the reduced amount of the Fenton reagent caused the removal 

rate of the chemical treatment process to decrease from 45.53% to 35.85%, the total 

contribution of the algal treatment was improved from 51.86% to 57.47%. 

Furthermore, we found that the algal population size increased during the entire 

treatment process, which was slightly lower than that of the control (Fig. 5B). 

Additionally, because the impact of the residual H2O2 and the Fe iron was weakened 

when the Fenton reagent was reduced, the algal population grew rapidly until the end 

of the cefradine treatment. The maximum population size was 9.58 ± 0.07 × 106 

cells/mL, which was approximately 17% higher than that in control. 

4. Discussion 

Due to the low operating costs and the high efficiency, microalgae have been 

used to remove various organic and inorganic materials from wastewater. Several 

previous studies have demonstrated that the algae performed a “compound and 

species-dependent” removal efficiencies. For Scenedesmus platydiscus and C. 

vulgaris, the amount of polycyclic aromatic hydrocarbons (PAHs) removed over 
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7-days of treatment was 78% and 48%, respectively 15. A removal greater than 70% 

was obtained by the alga Ankistrodesmus braunii and S. quadricauda within 5 days 16. 

However, at the end of a 3 days of treatment, tributyltin (TBT) removal percentages 

obtained by the Chlorella cells were only 45% 17. Additionally, 82% of Bisphenol 

A(BPA) was removed by the green alga, C. fusca 18. The removal efficiency was also 

influenced by the culture. Compared with the higher removal rate under light, only 

27% of BPA was removed in the dark. C. fusca could remove 90% of BPA under the 

8:16-h light:dark condition, which was nearly as high as that under the 

continuous-light condition 18. For antibiotics, the degradation rate using the alga was 

also lower than the above results. C. vulgaris removed 36.9% of norfloxacin 13, and a 

reduction of 44% in the initial concentration of sulfonamides was attributed to the 

uptake from the alga Ulva lactuca 19. Although approximately 69% of tetracycline 

could be removed, the treatment time was extended to 62 days 20. In the present study, 

the removal rate of amoxicillin was higher than the above reported results, while that 

in cefradine treatment was significantly low. Our previous study also indicated that a 

48 h total removal rate for cefradine by the green algae C. pyrenoidosa was lower 

than those of other cephalosporins even at a relevant lower concentration (10.0 mg/L) 

21. Additionally, as mentioned in Figs. 1B and 2B, the removal rate was not improved 

with an increase in the algal population during any given treatment (such as 0-12 h, 

12-24 h, etc.…). Although the total alga biomass was the lowest during the first 12 h, 

the unit algal cell performed at a high removal capacity, which caused a higher 

removal rate than any other period in the entire treatment. Particularly, in cefradine 
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treatment, the population growth and the biomass accumulation could not improve the 

total removal efficiency. Our present resents indicated that the application of the 

individual algal treatment was limited for the two target antibiotics, especially at the 

relevant higher concentrations.  

The Advanced Oxidation Processes (AOP) are characterized by their capacity for 

oxidizing and decomposing most organic contaminants. Due to the ease of operation 

and high efficiency, the Fenton process is one of the most practical oxidation 

processes used for the degradation of recalcitrant compounds, like herbicide, 

fungicide 22, especially for the antibiotic sulfathiazole, sulfamethoxazole, 

sulfamethizole, sulfadimethoxine, sulfamethazine and tiamulin 23. Our preliminary 

experiment also indicated that Fenton reaction performed a considerable treatment 

capacity on the two target antibiotics. About 80% of amoxicillin and cefradine was 

removed after 80 min. Despite its advantages, the primary drawbacks of the 

commercial application are high-costs, large consumption of reagents, and higher 

requirements of corrosion resistance for the equipment. Therefore, to overcome the 

deficiency, the Fenton oxidation has been considered as the pre-treatment and 

successfully applied to enhance the biodegradability. The combination with the 

biological process was performed as a cost-effective treatment step. Thus, multiform 

combined biological processes have been reported, such as the sequencing batch 

membrane bioreactor (SBMBR) system 24, sequencing batch reactor (SBR) system 25, 

anaerobic baffled reactor (ABR) 26 and immobilized biomass reactor (IBR) 27. 

Nevertheless, compared with the bacteria in the existing biological treatment system, 
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the eukaryotic algae C. pyrenoidosa used in the current study was not the target 

organism of amoxicillin and cefradine, therefore, the target antibiotics will not be 

effective against C. pyrenoidosa. Our current results indicated that the green algae 

was highly tolerant to the impact of the antibiotics. Thus, the bacteria was replaced by 

the green algae in the current combined treatment system, which aimed to not only 

improve the removal efficiency but also avoid the emergence of the resistant bacteria 

strains and the antibiotic resistance genes (ARGs). To our knowledge, the Fenton 

oxidation and the algal treatment have been combined here for the first time. In the 

current treatment, the target of this integration between the chemical oxidation 

(Fenton reagent) and the algal treatment is to combine the best characteristics of each 

process, including both the economical and efficient advantages. Additionally, a 

higher removal rate and a shorter treatment occurred due to the combined Fenton-alga 

treatment when compared to the individual algal treatment. For amoxicillin and 

cefradine, the highest removal rates (97.36% and 22.52%) were obtained after 48 h of 

individual algal action, respectively, when the concentration of the antibiotics was 100 

mg/L. Furthermore, 97.63% and 91.08% of the antibiotic was removed, respectively 

after 12 h of algal action combined with the Fenton process, even if the relevant 

concentrations were increased to 1 g/L. On the other hand, sewage sludge production 

during the current wastewater treatment has increased dramatically with 

implementation of environmental programs 28. The cost associated with sludge 

management has been around more than half of the total STPs operating costs 29. Thus, 

the sharp rise in sludge production and the increasing operation cost should be 
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considered when more amount of wastewater needed to be treated by rapidly 

increasing population, industrialization, and urbanization in the near future. In 

contrast, when the satisfactory removal capacity has been obtained in the combined 

Fenton-algal treatment, the sharp rise in algae production not occurred in the present 

study. Thus, the cost of the excess algae management could be reduced in our 

combined treatment system.  

Previous studies have indicated that the antibiotic removal increased with an 

increasing Fe2+ and then decreased with further increases in the Fe2+ dose because 

high Fe2+ doses caused a scavenging effect on hydroxyl radicals 30. In the current 

study, due to the settled dose of H2O2 (166.5 mg/L), a higher H2O2/Fe2+ molar ratio 

indicates that more Fe2+ was added into the Fenton system. Additionally, our result 

indicated that the removal efficiency of the Fenton process and the contributions of 

the green algae varied with the change in the Fe2+ dose. Thus, during the coupling 

reaction, the treatment progress depended simultaneously on the amounts of Fenton 

reagent and the removal capability of the algae after the Fenton oxidation. 

Consequently, an appropriate H2O2/Fe2+ molar ratio should be considered. 

Reactive oxygen species (ROS) are the by-products of normal respiration and 

photosynthesis processes in alga, which thought to be the main reason for the 

degradation of aniline 31. When the algae were exposed to environmental stress, 

especially the allelochemicals, ROS such as superoxide radical (O2
−), hydrogen 

peroxide (H2O2) and singlet oxygen (O2) was produced in the cell, which serves as a 

response32-35. Thus, the degradation mechanism of the antibiotics in the present study 
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might also be contributed due to the action of ROS. On the other hand, the action of 

the green algae on the target antibiotic possibly included the adsorption and/or 

degradation, where occurred at cellular surface and/or inside the cell. Until now, 

information related to the metabolism of antibiotics or the destructive compounds by 

microalgae has not been published. We have also not detected the residual target 

antibiotics at the alga cellular surface or in the cell. Compared with the results in Fig.1, 

2 and 3, it indicated that after the destructive treatment by the Fenton reaction, the 

target antibiotics were degraded to small molecular organic fragments. They could be 

easier eliminated by the algae as a carbon source and nitrogen source than the index 

compounds. Thus, it is feasible and available that the algal treatment could be 

combined with the Fenton reaction.  

It also should be noted that the reduced amount of the Fenton reagent could not 

decrease the contribution of the Fenton treatment process, while the total removal rate 

of cefradine using the subsequent algal action was improved slightly from 53.99% to 

55.27%. Thus, although the concentration of Fe2+ and H2O2 used in the current study 

was lower than that of the previous research 30, the Fenton regent could be reduced 

further in the current combined treatment system, which may avoid additional waste 

and a higher operational cost. Our hypothesis that the Fenton regent could be further 

reduced in the combined system has also been verified. In the present combined 

treatment, the Fenton reaction could be mainly attribute to decompose the target 

antibiotics into the possible by-products which could be utilized by the algae much 

easier. Therefore, coupling the chemical pre-oxidation with the biological 
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post-treatment is conceptually beneficial because it can lead to increased overall 

treatment efficiencies compared with the efficiency, cost and possible environmental 

risk of each individual stage. However, how the structural changes of the target 

antibiotics in the chemical and biological treatment, respectively has not been known. 

The more advanced analytical methods like HPLC-MS/MS and algal metabonomics 

technique should be considered in our following study, which could help us to better 

deduce the chemical reactions and decipher the removal mechanism. The Fenton 

reagent could be further reduced if the optimum opportunity is confirmed when the 

target antibiotics were changed to an appropriate by-products or fragments for the 

algal utilization. 

5. Conclusion 

In the current study, a combined Fenton-algal treatment system has been applied as a 

novel treatment to remove two commonly used antibiotics: amoxicillin and cefradine. 

The green algae performed a compound-concentration-dependent removal efficiency. 

More amoxicillin was treated after a 48 h algal treatment than cefradine when at the 

relevant lower concentrations. Additionally, compared with the removal capacity of 

individual algal treatments, a higher removal rate and a shorter treatment time was 

achieved using the combined Fenton-alga treatment, even when the relevant 

concentrations were increased to 1 g/L. Compared with the traditional Fenton-biology 

combined treatment system, when the satisfactory removal capacity has been obtained 

in the combined Fenton-algal treatment, the sharp rise in algae production not 

occurred in the present study. Furthermore, our results indicated that a reduced 

Page 16 of 25RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



amount of the Fenton reagent could not decrease the contribution of the Fenton 

treatment process, and the total removal rate of the target antibiotic using the 

subsequent algal action was improved.  
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Fig. 1 The removal rate of amoxicillin by the individual algal treatment (A) and 

the algal population growth during the treatment (B). 
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Fig.2 The removal rate of cefradine by the individual algal treatment (A) and the 

algal population growth during the treatment (B). 
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Fig.3 The removal rate of the antibiotics amoxicillin (A) and cefradine (B) by the 

combined Fenton-algal treatment system 
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Fig. 4  The algal population after the Fenton oxidation process in the combined 

Fenton-algal treatment system 
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Fig. 5 The removal rate of the antibiotics (A) and the algal population (B) by the 

combined Fenton-algal treatment system with the reduced Fenton regent. 
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