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ABSTRACT. This work deals with the assessment of easy-prepared magnetic nanomaterials as catalyst in 

continuous catalytic wet peroxide oxidation (CWPO) for the treatment of simulated water matrix containing 

diclofenac (DIC) and ibuprofen (IBP). The rotatable central composite design (CCD) method was used to 

study the effect of DIC and IBP as theoretical oxygen demand between 0 and 52.5 mg L-1 and the instream 

pH from 3 to 7 on the removal of the total organic carbon (TOC), aromatic compounds (Arom) and total 

phenolic compounds (Phenols) concentration. The catalyst loading and volumetric flowrate were kept 

constant. By rotatable CCD, it was found that in-stream pH had a significant effect on the removal of 

pollutants, as well as on the TOC, Phenols and Arom removal, concluding that pollutant removal increased 

as instream pH decreased from 7 to 3. This work gives insights for the removal of a drug mixture from real 

wastewaters by CWPO. 
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Introduction 

Nowadays, pharmaceutical residues, especially Non-Steroidal Anti-inflammatory drug (NSAIDs), are being 

detected in several aquatic environments around the world [1]. Furthermore, it has been reported that those 

compounds affect negatively the aquatic species [2]. Researchers have found that drugs, especially in a 

mixture and at certain concentrations, can reduce the reproduction of some aquatic species [3]. In that sense, 

the last decade, novel treatments have been studied to remove those emerging contaminants, since they are 

not easy to biodegrade [4]. In this work, our group has considered evaluating statistically the removal of 

two environmentally relevant NSAIDs, diclofenac (DIC) and ibuprofen (IBP), from a drug mixture solution 

by catalytic wet peroxide oxidation (CWPO) with a lab-prepared magnetic catalyst in continuous mode. 

Proof concept was also carried out using different water matrices (pharmaceutical wastewater, surface water 

and wastewater treatment plant).  

Material and Methods 

Reagents and materials 

Commercial Multi-walled carbon nanotubes (MWCNTs) (diameter: 30-50 nm & length: 20 μm) were 

purchased from Sun Nanotech Co Ltd. (China). FeCl3·6H2O, FeCl2·4H2O, ammonia solution (25% wt.), 

H2SO4 solution (98% wt.), H2O2 solution (30% wt.), ibuprofen and diclofenac as sodium salts (purity higher 

than 98%) were obtained from Sigma-Aldrich (Overijse, Belgium). 

The preparation of Fe3O4/MWCNTs catalyst has been previously reported [5]. Its characterization, including 

XRD, TEM and magnetic measurements, can be found elsewhere [5]. 

Oxidation runs 

CWPO runs to treat an aqueous drug mixture of DIC-IBP were carried out in a jacketed glass column packed 

with 0.4 g of catalyst, operating at a volumetric flow rate of 1.0 mL min-1 in upward mode like the 

experimental scheme reported by di Luca et al., [6]. Thus, the catalytic bed was formed by three different 

sections: 1) pre-bed composed of inert beads five time the size of the catalytic bed; 2) catalytic bed; and 3) 

post-bed formed by glass wool. The jacketed column was heated using a thermal bath at a constant 

temperature of 60 °C and atmospheric pressure. The reactor length, reactor diameter and particle size were 



 

 

      

10 cm, 1.2 cm and 0.01-0.1 cm. Furthermore, the bed height and porosity of the bed were 2 cm and 0.4. The 

reaction was carried out at stoichiometric ratio. 

Recycling tests and proof concept were performed in the same way. For recycling tests, the catalyst was 

recovered first from previous reaction. Samples were collected from the reaction system at regular time 

intervals and analyzed using different techniques. 

Statistical analysis  

The evaluation of the effect of the operating parameters onto the CWPO removal efficiency of IBP-DIC 

aqueous mixture was made by using the response surface methodology (RSM) method. When the steady 

state was reached under the reaction condition, the removal efficiencies were calculated and collected in 

Table 1. The experimental design includes three independent variables: ThODDIC (x1), ThODIBP (x2) and pH 

(x3). ThOD is the theoretical oxygen demand ascribed to the target pollutants, e.g., DIC or IBP, and they 

represent the equivalent to the DIC or IBP concentrations. The dependent variables were TOC, aromatic 

compounds (Arom) and Phenols content removal. The removal efficiencies and parameters were analyzed 

by minitab (Minitab Inc, USA). 

Table 1. Design of experiments and results obtained according to rotatable CCD arrangement. 

# 

Variable levels/coded values Removals 

ThODDIC           

(mg L-1), x1 

ThODIBP      

(mg L-1), x2 
pHin-stream, x3 TOC (%) Arom (%) Phenols (%) 

1 26.3 (0.00) 26.3 (0.00) 5 (0.00) 47 51 79 

2 26.3 (0.00) 26.3 (0.00) 5 (0.00) 49 52 79 

3 26.3 (0.00) 26.3 (0.00) 5 (0.00) 47 55 80 

4 26.3 (0.00) 26.3 (0.00) 5 (0.00) 49 55 79 

5 26.3 (0.00) 26.3 (0.00) 5 (0.00) 48 53 79 

6 26.3 (0.00) 26.3 (0.00) 5 (0.00) 47 53 79 

7 26.3 (0.00) 26.3 (0.00) 3 (-1.68) 77 66 82 

8 26.3 (0.00) 26.3 (0.00) 7 (1.68) 42 57 41 

9 26.3 (0.00) 0 (-1.68) 5 (0.00) 45 42 18 

10 26.3 (0.00) 52.5 (1.68) 5 (0.00) 42 68 12 

11 0 (-1.68) 26.3 (0.00) 5 (0.00) 28 9 41 

12 52.5 (1.68) 26.3 (0.00) 5 (0.00) 64 23 27 

13 10.6 (-1.00) 10.6 (-1.00) 3.8 (-1.00) 52 30 25 

14 41.9 (1.00) 10.6 (-1.00) 3.8 (-1.00) 70 45 66 

15 10.6 (-1.00) 41.9 (1.00) 3.8 (-1.00) 54 56 76 

16 41.9 (1.00) 41.9 (1.00) 3.8 (-1.00) 70 50 31 

17 10.6 (-1.00) 10.6 (-1.00) 6.2 (1.00) 39 36 17 

18 41.9 (1.00) 10.6 (-1.00) 6.2 (1.00) 55 44 53 

19 10.6 (-1.00) 41.9 (1.00) 6.2 (1.00) 37 50 45 

20 41.9 (1.00) 41.9 (1.00) 6.2 (1.00) 47 45 3 

Analytical techniques 

Aromatic compounds, TP concentration and H2O2 concentration values were measured by using a UV/Vis 

spectrophotometry (Jasco V530 spectrophotometer) at a wavelength of 254, 765 and 405 nm, respectively 

[7]. Aromatic compounds were measured with no previous treatment, whereas TP and H2O2 concentration 

were determined using previously Folin-Ciocalteu [8] and TiOSO4 methods, respectively. The TOC 

concentration was measured in a Shimadzu TOC L CSH/CSN equipment. DIC and IBP concentrations were 



 

 

      

monitored using a Jasco HPLC chromatograph (UV-2075 Plus detector). The measurements were 

accomplished using a Kromasil C18 (100 x 5 mm) column using 15 mM phosphate buffer (pH 3.25) and 

acetonitrile as mobile phase, working at gradient elution and at a volumetric flow rate of 0.5 mL min-1 [9]. 

The detection was carried out at a wavelength of 272 nm. 

Results and Discussion 

Effect of the operation variable: Proposed models  

A total of 20 experiments were conducted for investigating the effect of ThODDIC (x1), ThODIBP (x2) y pH 

(x3) on the removal rate of TOC, Phenols and Arom in a continuous CWPO system of the DIC-IBP mixture 

by RSM and rotatable CCD (Table 1). The removals were also collected in Table 1. 

Form analysis of variance obtained by quadratic polynomial model, the p-values < 0.0001 of the respective 

models indicated the validity of the quadratic models for pollutant models. The results of the analysis of 

variance such as the coefficient of determination (R2), 0.95, 0.96 and 0.96 for TOC, aromaticity and Phenols 

removal, respectively, ensured a satisfactory fitting of the quadratic regression models to the experimental 

results. Furthermore, the lack of fit for TOC (0.067) and Arom (0.071) are insignificant. Hence, the statistical 

results demonstrated that the proposed models are accurate for describing the effect of the three operation 

parameters on CWPO of DIC-IBP aqueous mixture. 

For TOC removal:  

𝑌𝑇𝑂𝐶  =  46.9 +  14.6𝑥1 − 15.7𝑥3  +  0.5𝑥1𝑥1 +  14.0𝑥3𝑥3 −  2.6𝑥1𝑥3 (1) 

For aromatic compounds removal: 

𝑌𝐴𝑟𝑜𝑚 = 53.2 + 4.4𝑥1 + 11.2𝑥2 − 2.5𝑥3 − 36.8𝑥1𝑥1 + 2.4𝑥2𝑥2 + 8.6𝑥3𝑥3 − 11.9𝑥1𝑥2 − 2.0𝑥1𝑥3 − 5.8𝑥2𝑥3  
 (2) 

For total phenol compounds removal: 

𝑌𝑃ℎ𝑒𝑛𝑜𝑙𝑠 = 79.1 −  4.3𝑥1  −  1.8𝑥2  −  18.5𝑥3 −  42.0𝑥1𝑥1 −  61.4𝑥2𝑥2  −  14.6𝑥3𝑥3 − 57.9𝑥1𝑥2 −
0.9𝑥1𝑥3 − 13.4𝑥2𝑥3 (3) 

Where x1, x2, x3, YTOC, YPhenols and YArom are the ThODDIC, ThODIBP, in-stream pH, predicted responses of 

TOC removal, Phenols removal and aromatic compounds removal, respectively.  

Furthermore, by rotatable CCD-RSM, the ThODDIC was observed to have a significative effect on the TOC 

removal since it took a high value and positive sign in the predicted model. Since ThODDIC is equivalent to 

the DIC concentration and its increasing had a pronounced effect on the TOC removal, DIC was more 

favored to be removed from the DIC-IBP aqueous mixture at pH values between 3 to 5. Thus, the negative 

coefficient of the interaction between variable ThODDIC and pH indicated that a simultaneous increase in 

ThODDIC with the decreasing in the solution pH led to an increase in the TOC, TP and aromatic compounds 

removal. 

In this statistical evaluation, the optimum condition for maximum TOC (79.56%) and Arm (81.68%) 

removal was at pH 3, 30.76 mg L-1 of ThODDIC and 52.50 mg L-1 of ThODIBP. 

Stability and proof concept  

The recycling tests of the catalyst by continuous CWPO reaction were carried out three times with 0.4 g of 

catalyst load during 3 h reaction time. The reaction conditions were [DIC]0 = 11.9 mg L-1 (ThODDIC = 26.3 

mg L-1), [IBP]0 = 10.3 mg L-1 (ThODIBP = 26.3 mg L-1), feed stream pH of 3 and 60 °C. In the first cycle, it 

can be seen high removal values at 3 h of time on stream (95 and 90%, for DIC and IBP, respectively) of 

the DIC-IBP aqueous mixture. Otherwise, in the second and third reaction cycle, the removal values of DIC 

and IBP were found similar like those obtained in the first cycle. Machado et al. [10] has reported the about 

98% of IBP removal (10 mg L−1) after 2 min by Fenton-like reaction and Fenton’s reagent at pH 3 and 

IBP:Fe (II):H2O2 molar ratio of 1:3.5:31. 



 

 

      

From the proof concept, it was highlighted that the application of continuous CWPO to three real 

environmentally relevant aqueous matrices, spiked with DIC-IBP mixture, showed relatively high removal 

of TOC and of aromatic compounds, i.e., above 50%, except for hospital wastewater effluents (HW). The 

aromatic compounds in HW were reduced in the first 100 min, increasing afterwards. 

Conclusions 

CWPO reaction for the depletion of DIC-IBP aqueous mixture was effectively carried out in a continuous 

up-flow fixed-bed reactor using a synthesized magnetite supported on multi-walled carbon nanotubes 

(Fe3O4/MWCNTs) catalyst. By Response Surface Methodology (RSM) coupled with central composite 

rotatable design models, the fixed-bed reaction variables represented by the inlet theoretical demand oxygen 

of diclofenac (ThODDIC) and pH had a pronounceable effect on the removal of DIC and IBP as compared to 

theoretical demand oxygen of ibuprofen (ThODIBP). Regarding to the recycling tests, it was demonstrated 

the outstanding stability of the catalyst. This work shows the successful application of continuous CWPO 

reaction using a synthesized catalyst for the removal of DIC-IBP aqueous mixture.  
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