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Here we report the removal of 4-chlorophenols from waste water through the use of horseradish peroxidase 
(HRP) immobilized on Fe3O4/Au_GO nanoparticles. The large amount of surface functional groups on the 
support, which is coated with citric acid molecules, enables rapid enzyme immobilization through electrostatic 
interactions. HRP have been immobilized through physical adsorption on Fe3O4/Au_GO for 4-chlorophenols 
removal. The 4-chlorophenol degradation in presence of HRP immobilized on Fe3O4/Au_GO  was  98 % after 
180 min and at room temperature, with a reusability after three cycle of 95 %.  

1. Introduction 

Aromatic compounds, such as: phenol-based compounds; aromatic amines; constitute one of the major 
classes of pollutants. Indeed, they are dangerous and persistent organic pollutants due to their high toxicity, 
carcinogenic, teratogenicity and mutagenic effects. They are found in the waste waters of a wide variety of 
industries, including plastics, pharmaceuticals, wood preservatives, pesticides, petrochemicals, of printing and 
dyeing materials (Zhang et al.,2009). Given, the great number of industrial waste waters containing 
chlorophenols, they are continuously monitored. Environmental legislation defines the maximum discharge 
limit in rivers as about 0.1 mg/L. On other hand, the concentrations of chlorophenols found in the effluents 
may vary from 100 to 1000 mg/l and their degradation is usually difficult (Cooper et al., 1996). For these 
reasons, different techniques such as physical adsorption, catalytic oxidation and biodegradation have been 
used for the removal of chlorophenols. The enzymatic treatment has been proposed by many researchers as 
a potential alternative to conventional methods. Biodegradation due to enzymatic action presents high 
specificity, selectivity and catalytic activity, mild reaction conditions and few by-products formation (Dong et 
al., 2014). Moreover, enzymes are less likely to be inhibited by substances which may be toxic for living 
organisms. Peroxidases, such as: horseradish peroxidase (HRP); lignin peroxidase (LiP); manganese 
peroxidase (MnP), etc, have been used for treatment of aqueous aromatic compounds. In particular, HRP can 
degrade chlorophenols (Hamid et al., 2009). This enzyme catalysed the oxidation of the phenol in presence of 
hydrogen peroxide to generate phenoxy radicals, which react with other substrate molecules to give oligomers 
or polymers that are much more insoluble in water compared to the original monomers (Dong et al., 
2014;Laurenti et al., 2002).  
The reactions can be simply summarized in the following equation:  

2RH + H2O2→ 2R· + 2H2O (1) 

On another hand, the use of HRP is limited due to poor stability and process costs, and because of enzyme 
recovery and reuse are difficult. These disadvantages can be overcome by immobilizing the enzyme (Sarno et 
al., 2017a; Sarno et al 2019). Enzyme immobilization can enhance the reusability and reduce the operational 
process cost. Immobilized enzymes are often more stable with pH than free enzymes (Sharma et al., 2017). 
Nanomaterials can serve as promising supporting materials for immobilization, because of their specific 
surface area and effective enzyme loading (Feng et al., 2011). The literature presents different types of 
nanomaterials for enzyme immobilization. Examples of nanomaterials used for enzyme immobilization include: 
carbon nanotubes (CNTs); nanoparticles (NPs); magnetic nanoparticles (MNPs), nanocomposites; nanofibers; 
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nanorods and mesoporous media (Andreescu et al., 2008). Graphene oxide (GO) (a graphene derivative) is a 
planar material with a large specific surface area. For this reason, it is a promising candidate for the enzyme 
immobilization. Graphene oxide contains a range of reactive oxygen functional groups on the surface (Zhang 
et al ., 2010; Chang et al., 2014), for this reason, can be easily modified and dispersed in water. On the other 
hand, graphene can be used as support for nanoparticles dispersion and stabilization (Jiang et al., 2011; 
Zhang et al., 2010; Sarno et al., 2016). Magnetic nanoparticles (MNPs) offer the additional advantages of: 
easy separation, just by applying a magnetic field; and, possible higher selectivity (Sharma et al., 2017).  
Herein, a simple one-step strategy was developed to obtain Fe3O4/Au_GO nanoparticles, constituted of GO 
supporting flower like Fe3O4/Au NPs (pistil Au NPs and petals Fe3O4 NPs), by adding graphene oxide (GO) in 
an ethylene glycol solution of ferric chloride (FeCl3·6H2O) and Gold(III) chloride trihydrate (HAuCl4·3H2O) 
precursors and in presence of citric acid surfactant. Fe3O4/Au nanoparticles deposition on the graphene oxide 
sheets and partial reduction of GO occurred simultaneously. The citric acid functionalized Fe3O4/Au_GO 
nanoparticles, synthesized via a solvothermal process, can immobilize HRP to remove 4-chlorophenols in the 
presence of H2O2. The effects of coupling time and enzyme concentration on the immobilized efficiency were 
investigated. The effect of reaction time and the reusability on the removal of 4-chlorophenols were also 
evaluated.  

2. Material and Method  

2.1 Synthesis Fe3O4/Au_GO nanoparticles 

The commercial graphene oxide (GO) was purchased from Graphene Supermarket. All the other chemicals 
were acquired from Sigma Aldrich.  
Synthesis procedure, 75 mg of GO, Fe3Cl3·6 H2O (3 mmol), HAuCl4 (0.1 mmol), Urea (30 mmol) and citric acid 
(0.5 mmol) were dispersed in 30 ml of ethylene glycol. The mixture was ultra-sonicated for 5 min. 
Subsequently, the solution was transferred into a teflon-lined stainless steel autoclave and then heated at 200 
°C for 4 h. After cooling down to room temperature the black material was washed with ethanol for several 
time and then dried at 60°C for 12 h to obtain Fe3O4/Au_GO NPs.  

2.2 HRP Immobilization   

Fe3O4/Au_GO NPs (0.1 mg) and 1, 2, 4 mg of HRP in 10 ml of phosphate buffer pH =6 were mixed at 4°C for 
~ 3 h. Finally, immobilized enzymes were separated by an external magnetic field. The nanoparticles with 
anchored HRP were gathered and rinsed three times with buffer phosphate (pH 6.0) to specifically remove 
non-attached enzymes. In order to determine the amount of enzyme loading, the residual enzyme in the 
collected supernatant was measured using UV/Visible spectroscopy. The immobilized enzyme was dispersed 
in the buffer and stored at 4°C for further measurements. 

2.3 Enzyme loading determination 

The amount of immobilized enzyme on Fe3O4/Au_GO was determined by subtracting the initial amount of 
enzyme from the amount of enzyme remaining in the supernatant. The concentration of unbound enzymes 
which were in the supernatant was determined with a calibration curve and then the amount of enzyme 
immobilized on Fe3O4/Au_GO nanoparticles was obtained. In particular, the enzyme attachment percentage 
was calculated by Bradford method (Bradford, 1976) 

2.4 4-Chlorophenol degradation 

The removal efficiency is defined as the percentage of chlorophenol removed from solution under experiment 
conditions. The experiments were carried out in triplicate. Experiments were conducted in a stirred batch 
reactor of 25 ml total volume at 25°C. 0.1 mg/ml of HRP free and immobilized (Fe3O4/Au_GO/HRP) solutions 
were added to an aqueous solution of 4-chlorophenol (4-CP) (10 mL, 0.4 mM). The mixture was vibrated at a 
speed of 200 r/min at 25 °C. After 30 min, to achieve adsorption-desorption equilibrium, the reaction was 
initiated by the addition of H2O2 (0.2, 0.4, 0.6 and 0.8 mM) and carried out  for 180 min. At given time intervals, 
2 mL aliquots of the reaction solution were removed and the MNPs were immediately recovered by magnetic 
separation. The concentration of 4-chlorophenol in the supernatant was determined with UV-visible 
spectrophotometry.  

2.5 Analytical method 

4-Chlorophenol concentrations were measured by colorimetric method. Solutions of potassium ferricyanide 
(83.4 mM in 0.25 M sodium bicarbonate solution) and 4-aminoantipyrine (AAP) (20.8 mM in 0.25 M sodium 
bicarbonate solution) were prepared. Aliquots (800 µl) of the sample were placed in a spectrophotometer 
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cuvette (1 ml) together with 100 µl AAP solution and 100 µl solutions of potassium ferricyanide. After few 
minutes to allow the color to develop fully, absorbance was measured at 510 nm against a blank. Absorbance 
values were transformed to 4-chlorophenol concentrations in the sample by using calibration curve (mg/ml of 
4-Chlorophenol= 0,0195 * Abs + 7E-05 R² = 0,9999). 

3. Result and Discussion 

3.1 Characterization of Fe3O4/Au_GO NPs 

In Figure 1, the X-ray diffraction (XRD) pattern of the Fe3O4/Au_GO nanoparticles is shown. The peaks of 
Fe3O4/Au_GO nanoparticles are clearly visible in the XRD profile. The magnetite typical peaks at 30.6° (220), 
35.0° (311), 54 (422), 57.6° (511) can be seen (Sarno et al., 2017a), together with the peaks at 38.5° (111), 
44.7° (200), 65.2 °(220), 77.9 (311) and 82° (222) ascribed to Au positions (Sarno et al.,2019). On the other 
hand, the typical diffraction peak of GO at around 10.4°, corresponding to the (001) reflections of GO is 
absent. The absence of the typical peak of GO and the appearance of a weak peak at about 24° evidence the 
GO reduction (Sarno et al., 2017b). An estimation of the average crystalline size (D) of Fe3O4/Au_GO 
nanoparticles can be made by using the well-known Scherrer equation, D = kλ/B cosθ. Scherrer equation 
applied at (311) peak of Fe3O4 and (220) peak of Au indicate 10.3 nm and 11.2 nm size, respectively. The 
equation applied at the other relevant diffraction peaks confirms the quasi-spherical nature of both 
components in the nanoparticles.  

 

Figure 1: XRD spectrum of Fe3O4/Au_GO NPs 

SEM images, not shown here, evidence the flower-like morphology (Au NPs pistil and Fe3O4 NPs petals) of 
the nanoparticles. The elemental analysis performed under SEM-EDX (Table 1) evidences the presence of 
carbons, iron, oxygen and gold species, in the sample there are no impurities. Moreover, weight 
concentrations and the atomic ratios of the various components indicate a favored reduction for the gold 
precursor in the reaction conditions used, (see the precursors amounts in the experimental section). Indeed 
the reduction rate of Au+ ion is greater than that of formation of the Fe3O4. The basic concept of this one-step 
synthesis of the Fe3O4/Au_GO composite is to take advantage of the difference in reduction potentials 
between the two soluble metal salts (EAu+/Au=+1.42 eV vs. the standard hydrogen electrode (SHE); EFe3+/Fe2+ 

=+0.77 eV vs. SHE). Taking into account the quantities of the species in question and the nanoparticles size 
three Fe3O4 petals for each Au pistil can be calculated. 
The atomic ratio O/Fe = 1.59 at. suggests the formation of magnetite. On the other hand, the ratio O/Fe for 
magnetite is smaller and equal to 1.33, but additional oxygen can derive from the presence of oxygenated 
groups of graphene and from the oxygen of citric acid.  

Table 1: Elemental analysis using EDX for Fe3O4/Au_GO 

Element Number  Element Symbol Element Name Atomic Conc. Weight Conc. 
8 O Oxygen 43.13 26.94 
6 C Carbon 29.86 13.99 
26 Fe Iron 27.01 59.06 
79 Au Gold 1.08 8.31 
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3.2 Immobilization efficiency  

Physical immobilization can be considered the simplest functionalization method employed in protein 
immobilization. In present study HRP was immobilized on Fe3O4/Au_GO NPs by physical interaction. In 
particular, considering the isoelectric point of HRP (above pH 8), it is expected that a slightly acid pH would 
favor the electrostatic interaction between nanoparticles and enzyme. To better control the immobilization 
procedure, it is important to choose the optimum reaction time and enzyme concentration. Figure 2a shows 
the relative immobilization efficiency (%) of HRP in correspondence with the different reaction time. 

 

Figure 2: Dependence of immobilization of HRP with time. Immobilization conditions: coupling temperature, 4 
°C; coupling pH, 6; lipase concentration, 0.1 mg/ml; (a). Dependence of immobilization of HRP on enzyme 
concentration. Immobilization conditions: coupling temperature, 4 °C; coupling pH, 6; time, 3 h; (b). Each point 
represents the mean of two experiments ± S.E. 
 
The immobilization efficiency after 60 min was 40%, and achieves the maximum loading after 180 min. The 
concentration of HRP in the immobilization batch significantly affects the enzyme immobilization efficiency, 
see Figure 2b. The optimum enzyme concentration results 0.1 mg/ml (Sarno et al., 2017). 

3.3 Effect of reaction time and H2O2 concentration 

The co-substrate H2O2 activates the enzymatic reaction to produce peroxidase radical intermediates, which 
attack the chlorophenol compounds to form free radicals (Mohan et al., 2005). Optimization of the conditions 
for the removal of  chlorophenols was performed using different concentrations of H2O2. Figure 3a shows that 
the removals of 4-chlorophenol increase significantly with increasing H2O2 concentration from 0.2 to 0.6 mM. 
When the H2O2 concentration is higher than 0.6 mM, the chlorophenol degradation efficiency gradually 
decrease.  
 

 

Figure 3: Effect of H2O2 concentration on 4-chlorophenol degradation. Immobilization conditions: coupling 
temperature, 4 °C; coupling pH, 6; lipase concentration, 0.1 mg/ml; time, 3 h. Degradation test conditions: 
reaction temperature, 25 °C; catalyst concentration 0.1 mg/ml; reaction time 180 min; (a). Effect of time on 4-
chlorophenol degradation. Immobilization conditions: coupling temperature, 4 °C; coupling pH, 6; lipase 
concentration, 0.1 mg/ml, time, 3 h. Degradation test conditions: reaction temperature, 25 °C; catalyst 
concentration 0.1 mg/ml; H2O2 concentration, 0.6 mM; (b). Each point represents the mean of three 
experiments ± S.E. 
 

a b 

a b 
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Figure 3b shows the effect of time on the degradation of 4-chlorophenol using the immobilized HRP and free 
HRP. In the first 30 min, the degradation process, induced by immobilized HRP, was fast and reached a 
degradation percentage of about 67%. The contribution of immobilized HRP to 4-CP degradation was about 
98% at 180 min. The degradation efficiency of free HRP is lowest than that of immobilized HRP, suggesting 
that free HRP is partially inactivated during the reaction, in particular, during the formation of the different free 
radical intermediates (Cheng et al., 2006). These results show the excellent performance of Fe3O4/Au_GO as 
support to improve enzyme activity and protect the enzyme towards the inactivation of HRP during the 
reaction.  
3.4 UV-Vis Analysis  

In Figure 4, as an example, the UV absorption spectra of 4-CP at different reaction times (from 0 to 180 min) 
is shown in the experimental condition reported in the figure caption. 4-chlorophenol presents strong 
absorption bands in the ultraviolet region with wavelengths at 225 and 280 nm (Taherian et al., 2013). These 
peaks gradually diminished with increasing reaction time. The slight increase in the absorbance, observed 
near 250 nm, can be attributed to the formation of intermediates, i.e. benzoquinones (Thorsten  et al., 2013).  

  
 
Figure 4: The absorption spectra of the reactant solution monitored at selected time intervals (0, 30, 60, 120 
and 180 min), obtained using ultraviolet-visible spectrophotometer. Degradation test conditions: reaction 
temperature, 25 °C; catalyst concentration 0.1 mg/ml, H2O2 concentration 0.6 mM. 

3.5 Catalyst reusability   

The reusability is also a key factor in 4-chlorophenol removal (see Figure 5). Compared with free enzyme, the 
immobilized enzyme can be easily separated from the reaction solution through an external magnetic field and 
reused. The immobilized HRP retains 95% of the initial activity for the first three cycles. The small gradual 
decrease can be attributed to the formation of free radicals, generated during enzymatic oxidation of the 4-
chlorophenol, which would contribute to activity reduction in the next cycle (Cheng et al., 2006).  

 
 
Figure 5: Reused of immobilized HRP. Immobilization conditions: coupling temperature, 4 °C; coupling pH, 6; 
lipase concentration, 0.1 mg/ml; time, 3 h. Degradation test conditions: reaction temperature, 25 °C; catalyst 
concentration 0.1 mg/ml; H2O2 concentration, 0.6 mM, reaction time, 3 h. Each point represents the mean of 
three experiments ± S.E. 
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4. Conclusions 

Magnetic Fe3O4/Au_GO NPs were synthesized using solvothermal method. HRP was successfully 
immobilized on the Fe3O4/Au_GO via interaction between functional groups and the enzyme. The immobilized 
HRP was used as an enzymatic catalyst to activate H2O2 for degradation of 4-chlorophenol, with excellent 
activity and reusability.  
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