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1. Introduction 
The aim of this report is to provide with a brief overview of the preliminary evaluation of 
properties of new nanomaterials in the framework of the project NOWELTIES financed under 
the Horizon 2020 – Marie Skłodowska-Curie Innovative Training Networks (ITN-EJD) Actions. The 
NOWELTIES PhD laboratory has designed a research program aimed at the development of new 
materials and inventive water treatment technologies that offer opportunities and innovative 
concepts to tailor water qualities to local demands arising from the implementation of a true 
circular economy with a plethora of interconnected streams while closing local and regional 
water cycles. These technologies will be able to control contamination by organic 
micropollutants (OMPs) and will help overcoming barriers for water reclamation related to 
OMPs.   
Novel (nano)engineered materials, such as (nano)adsorbents, composite membranes 
and(photo)catalysts are very promising candidates for the development of next generation 
treatment technologies. Generally, they exhibit various merits, such as high capacities, fast 
kinetics, specific affinity towards targeted contaminants, enhanced photocatalytic response for 
a broad light spectrum, and strong anti-bacterial activity. The field of their application is 
extremely wide and some examples include carbon tubes, fullerene derivatives, graphene-based 
materials (graphene, graphene oxide and reduced graphene oxide), functionalized zeolites, 
fibers with core shell structure, nano metals or metal oxides. In many cases, surface modification 
and functionalisation are applied as effective pathways to enhance the reusability, separation, 
and removal efficiency of materials, while in the case of catalysts or membrane immobilization 
into composites it is desirable to minimize the release or mobilization of materials while 
maintaining their high reactivity . However, there are still many inherent challenges to their use 
(economic and ecotoxicological issues; technological challenges) requiring innovative 
technological solutions and in-depth knowledge of processes involving novel materials, 
including their synthesis, characterization, application and final disposal. 
 
 

2. Preliminary evaluation of properties of new nanomaterials 
European Joint Doctorate on advanced technology and nanomaterials for water treatment, as 
proposed by NOWELTIES, has not previously been carried out. It is based on a coherent, yet 
diverse and interdisciplinary programme, which will provide the optimal environment for the 
training of researchers: a network of interconnected international research teams; leaders in 
their respective areas of expertise.   
The innovative components of the research topics are: 
- Development of innovative modular and multifunctional processes to provide high 

performance, affordable water and wastewater treatment solutions  
- Adaptation of highly advanced biomolecular concepts and nanotechnology to traditional 

process engineering 
- Development and testing of new nanomaterials for use in water treatment  
- Development of new treatment capabilities that allow efficient and economic utilization of 

unconventional water sources to expand the water supply. 
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Following Individual Research Projects are related with WP4 and D4.1 Preliminary evaluation of 
properties of new nanomaterials: 
ESR7:  Surface modification and functionalisation of adsorbent materials 
ESR8: A green microwave - assisted  synthesis of Au/TiO2 /graphene oxide nanohybrids for 

visible light-induced photocatalysis 
ESR9: Removal of OMPs by nanophotocatalysts and nanobiocatalysts immobilized into 

magnetic supports 
ESR10: Novel TiO2-based composite co-catalysts for solar driven water purification 
 
 

2.1. Natural zeolite - Individual Research Project - Fellow ESR7 
 

Natural zeolite – clinoptilolite was studied as an adsorbent for the removal of ciprofloxacin (CIP) 
from water medium. Clinoptilolite is the most abundant natural zeolite. Its three-dimensional 
aluminosilicate structure contains two interconnected micropore channels occupied by 
exchangeable cations and water molecules which enables efficiently removal of different 
pollutants from wastewaters including toxic metal cations as well as different organic species 
(pesticides, dyes or pharmaceuticals).  
CIP was chosen as one of the most applied fluoroquinolone antibiotic. In wastewater effluents 
CIP concentration varies from ng to mg dm–3. High concentration up to 50 mg dm–3 has been 
found near drug manufacturing plants. 
Clinoptilolite-rich zeolitic tuff (with about 80 wt% clinoptilolite) obtained from the Serbian 
deposit Slanci (near the capital city Belgrade) as adsorbent for the CIP removal was studied. 
Clinoptilolite in natural form (NC) as well as coated by magnetic nanoparticles, magnetite (MC). 
She performed coating by a simple precipitation method in an inert atmosphere using water 
solution of Fe(II) and Fe(III) salts and a solution of NH3 as precipitation agent were investigated. 
Adsorption isotherms, kinetics and CIP removal thermodynamics according to research plan 
were performed and analysed. Prior to the adsorption studies, the adsorbents - NC and MC were 
characterized in details 
Clinoptilolite content in zeolitic tuff was determined by powder X-ray diffraction method and 
Rietveld analysis. The tuff contained (wt.%): clinoptilolite – 80, feldspar – 13.2 and quartz - 7.3. 
Elemental analysis of NC in the tuff and MC was performed using Energy dispersive X-ray 
spectroscopy (EDS). The results are shown in Table 1. 
 
Table 1. Average chemical composition of CLI and MAG–CLI obtained by EDS analysis. 

 
The Si/Al molar ratio of NC (5.03) increased to 6.12 in MC suggesting a partial dealumination of 
the NC during conversion to MC. Since the increasing of Fe is significantly higher than decreasing 

 

Sample 
Si Al O Na K Ca Fe 

Si/Al 
 at.% 

NC 18.35 3.65 75.97 – 0.44 1.20 0.40 5.03 
MC 18.39 3.01 72.15 0.37 0.27 0.18 5.63 6.12 
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of the content of exchangeable cations it was concluded that modification of NC to MC 
proceeded through an ion exchange and precipitation of Fe species at the NC surface. 

The presence of magnetite in MC has been confirmed by Transmission Electron Microscopy and 
Selected Area Electron Diffraction analysis. The magnetite particles with a diameter of about 50 
nm were found as well dispersed at NC hexagonal sheets confirming that the modification did 
not affect NC crystallinity. 

Thermogravimetric analysis showed thermal stability of both NC and MC up to 500 oC. 
Thermogram of MC indicated conversion of magnetite to maghemite at about 500 oC.  

Magnetic properties of MC were studied and compared with that of pure magnetite (MAG). The 
magnetization curves show similar magnetic behavior of MC and MAG with the saturation 
magnetization values of 49.57 and 8.93 emu g–1 within magnetic field lower than 1.5 T, 
respectively. These values confirmed that the MC possesses magnetic properties. Moreover, it 
was also confirmed that MC retains magnetic properties after CIP adsorption suggesting that the 
spent MC can be removed from liquid phase by simple magnetic separation. 

Zeta potential measurements showed that the presence of magnetic particles at NC surface 
slightly changed zeta potential and that point of zero charge of the MC is at pH ∼ 2. The 
modification of NC to MC changed textural properties, increasing specific surface area from 24 
to 45 m2 g–1. 

Adsorption of CIP on both NC and MC was studied at 283, 288 and 293 K for initial CIP 
concentrations of 15, 25, 50 and 75 mg dm–3 and at pH = 5 during 60 min. The adsorption 
capacity of both, NC and MC increases with initial CIP concentration at all studied temperatures. 
At the highest temperature, the adsorption of CIP onto NC increases from 4.81 mg CIP g-1 (for C0 
= 15 mg CIP dm-3) to 13.29 mg CIP g–1 (for C0 = 75 mg CIP dm-3), whereas on MC it varied from 
4.3 mg CIP g-1 (for C0 = 15 mg CIP dm-3) to 11.92 mg CIP g-1 (for C0 = 75 mg CIP dm-3). The isotherm 
data were analysed by several models giving the Langmuir isotherm as the best one for 
description CIP adsorption on both NC and MC. The maximum calculated capacities were 18.12 
mg CIP g–1 (at 293 K) and 17.31 mg CIP g-1 (at 288 K) for NC and MC, respectively. Considering 
the assumptions of the Langmuir model it was concluded that one active site at the surface of 
both adsorbents is occupied by only one CIP species and that the CIP removal from water 
solution proceeds as monolayer adsorption. 

The CIP adsorption dependence on time was investigated at 283, 288 and 293 K for solutions 
with C0 = 15, 25, 50 and 75 mg CIP dm-3. The kinetic data follow the Lagergren’s pseudo-second-
order model with the rate constant (k2) in the range of 0.0346–0.4011 g mg-1 min-1 for NC and 
MC. The k2 values indicate that CIP removal proceed fast and that the adsorption efficiency is 
high (up to 90%). 

All obtained results show that natural clinoptilolite is promising starting material for obtain an 
efficient adsorbent for the removal of pharmaceuticals from water medium. It can be converted 
into adsorbent with magnetic properties which improved its adsorption efficacy enabling the 
use of magnetic separation of the spent adsorbent. 
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Novel adsorbent based on natural zeolite – clinoptilolite and nano magnetite particles has been 
prepared. The adsorbent exhibits a high removal efficiency towards antibiotic ciprofloxacin (CIP) 
which has been tested as a model pollutant. The adsorbent tested in temperature range from 
15 to 45 oC showed 90% removal efficiency (for initial CIP concentration from 15 to 75 mg dm-3) 
during 60 min. The adsorption kinetics follows Lagergren’s pseudo-second-order model.      

 

2.2. TiO2 nanocomposites - Individual Research Project - Fellow ESR8 
 

Synthesis of TiO2, combining sol-gel and microwave-assisted methods  
For TiO2 synthesis, titanium (IV) isopropoxide (TTIP) as a titanium precursor was used. The 
chemical molar ratio of reagents was not evaluated. Instead, temperature and reaction time 
were considered as critical parameters for the microwave-assisted method. Morphological 
properties were determined by X-Ray Diffraction analysis and FTIR spectroscopy. The 
photocatalytic activity was evaluated through the degradation of ciprofloxacin (antibiotic) using 
UV and visible light. Additionally, commercial TiO2 “Degussa P25” was evaluated under the same 
conditions for comparison purposes. The obtained materials were labelled as TiO2 T_t, where T 
and t are the temperature and the time, respectively, used for the thermal treatment in the MW 
oven. 

 

Figure 1. General methodology of synthesis of TiO2. 
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Figure 2. Methodology used for photocatalytic evaluation of TiO2. 

 

Figure 3. Monitoring over the time of parameters involved in the synthesis of TiO2 by the microwave-
assisted method: reaction temperature, the reactor internal pressure, and the applied power of the 

magnetron. 

 

Table 1. Specific surface area, pore volume, pore size and crystallite size of TiO2 samples and Degussa 
P25. 

 

 

 SBET, m2 g-1 Vpore, cm3 g-1 Average pore size,  Crystallite size, nm 
TiO2 150_10 - - - 11.11 

TiO2 200_10 185.29 0.326 4.9 14.38 

TiO2 200_20 187.83 0.342 4.8 14.45 

TiO2 200_30 179.19 0.330 4.8 15.15 

Degussa P25 48.14 0.196 28.9 - 
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Figure 4. X-ray diffraction patterns, the crystallite size (left) and FTIR spectra of TiO2 samples (right). 

 

Figure 5. Photocatalytic degradation of ciprofloxacin by Commercial Degussa P25 TiO2 and TiO2 samples 
under UV light (left) and visible light (right). 

Based on the photocatalytic performance and the morphological properties, it was 
determined that the optimal parameters of synthesis were 200 °C and 10 min for thermal 
treatment in the microwave oven. XRD analysis show that in all the samples the anatase 
crystalline phase was obtained, while the FTIR spectra show that at 150 °C some unreacted 
urea was still present in the material.  

Synthesis of N/TiO2 nanocomposites  
N/TiO2 nanocomposites were synthesised using urea as a nitrogen source.  Different amount of 
urea (from 0 to 10 g) were mixed with stable TiO2 sol. The mixed solution was then heated in 
the microwave oven using the optimal temperature and reaction time identified previously. 
Morphological properties were determined by X-Ray Diffraction analysis, Raman and FTIR 
spectroscopies. The photocatalytic activity of synthesised materials and commercial TiO2 were 
evaluated through the degradation of ciprofloxacin (antibiotic) using UV, visible light and solar 
light simulator. 

Similar synthesis methodology as for TiO2 was used for N/TiO2 (Figure 1). The same evaluation 
methodology as for TiO2 was used for N/TiO2 (Figure 2).  
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Table 2. Specific surface area, pore volume, and pore size of N/TiO2 samples and Degussa P25. 

 

  

 

Figure 6. X-ray diffraction patterns(left), FTIR spectra (right), and Raman spectra of N/TiO2 samples and 
Degussa P25 (down). 

 SBET, m2 g-1 Vpore, cm3 g-1 Average pore size,  
N/TiO2 0.0 g Urea 215.04 0.424 4.7 

N/TiO2 0.5 g Urea 144.40 0.273 4.8 

N/TiO2 1.0 g Urea 185.29 0.326 4.9 

N/TiO2 1.5 g Urea 158.09 0.295 4.7 

N/TiO2 5.0 g Urea 139.17 0.297 4.7 

Degussa P25 48.14 0.196 28.9 
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Figure 7. Photocatalytic degradation of ciprofloxacin by Commercial TiO2 Degussa P25 and N/TiO2 
samples under visible light (left), UV light (right), and solar light simulator (down). Low amount of area.  

Based on the photocatalytic performance and the morphological properties, it was determined 
to increment urea up to 10 g to observe its effect in the photocatalytic activity. From the XRD 
analysis, Raman and FTIR spectra, it can be observed that anatase crystalline phase is not 
affected, and morphological properties remain similar regardless the amount of urea.   
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Figure 8. Photocatalytic degradation of ciprofloxacin by Commercial Degussa P25 TiO2 and N/TiO2 
samples under visible light (left), UV light (right), and solar light simulator (down). Hight amount of area.  

From the catalytic experiments under three different light sources, it was determined that 5 g 
of urea is the recommendable amount for the molar ratio used in the microwave-assisted 
method. This urea ratio was used for subsequent modification of the catalyst.   

Synthesis of N/TiO2/GO nanocomposites, *GO = Graphene Oxide 
N/TiO2/GO nanocomposites with different amount of GO (from 0 wt. % to 5 wt. %) were 
prepared by mixing stable TiO2 sol, urea solution and commercial GO. The mixed solution was 
then heated in the microwave oven using the optimal temperature and reaction time identified 
previously. Morphological properties were determined by X-Ray Diffraction analysis, Raman and 
FTIR spectroscopies. The photocatalytic activity of synthesised materials and commercial TiO2 
were evaluated through the degradation of ciprofloxacin (antibiotic) using UV, visible light and 
solar light simulator.  

Similar synthesis methodology as for TiO2 was used for N/TiO2/GO (Figure 1). The same 
evaluation methodology as for TiO2 was used for N/TiO2/GO (Figure 2).  

 

 

Figure 9. X-ray diffraction patterns (left), FTIR spectra (right), and Raman spectra of N/TiO2/GO samples 
(down). 
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Figure 10. Photocatalytic degradation of ciprofloxacin by Commercial Degussa P25 TiO2 and N/TiO2/GO 
samples under visible light (left), UV light (right), and solar light simulator (down). High concentration of 

GO. 

The XRD analysis did not show the incorporation of the GO, and it could be attributed that the 
amount is so small that it is not detectable by this technique. However, the Raman spectra 
display to additional peaks in the region between 1300 and 1600 cm-1, which correspond to the 
GO. The photocatalytic test showed that higher the amount of GO, lower the photoactivity. On 
the contrary, the adsorption capacity was increased when the amount of GO also was increased. 
Based on these results, it was decided to decrease the amount of GO to see if the photocatalytic 
activity of N/TiO2 (0 wt% GO) could be improved.  

   

Figure 11. Photocatalytic degradation of ciprofloxacin by N/TiO2/GO samples under visible light (left) and 
UV light (right). Low concentration of GO. 
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Although the photocatalytic activity was slightly improved when GO amount was decreased, the 
N/TiO2/GO samples did not get better efficiency than N/TiO2 sample (0 wt% GO). The lower 
photocatalytic activity of N/TiO2/GO composites could be explained by the fact that GO does not 
have good electrical properties, and probably it was not reduced by the microwave thermal 
treatment. Therefore, it was decided to reduce GO to rGO (reduced graphene oxide) by chemical 
and thermal treatment before incorporating it into the N/TiO2 sample. 

 

Synthesis of N/TiO2/rGO nanocomposites, *rGO = reduced Graphene Oxide  
First, commercial GO was mixed with ascorbic acid. After that, the solution was heated in the 
microwave oven. The obtained rGO was filtered, washed and dried for subsequent experiments. 

N/TiO2/rGO nanocomposites with different amount of rGO (from 0 wt. % to 10 wt. %) were 
prepared by mixing stable TiO2 sol, urea solution and rGO. The mixed solution was then heated 
in the microwave oven using the optimal temperature and reaction time identified previously. 
Reduction of GO was determined by X-Ray Diffraction analysis and Raman spectroscopy. The 
photocatalytic activity of synthesised materials and commercial TiO2 were evaluated through 
the degradation of ciprofloxacin (antibiotic) using UV, visible light and solar light simulator.  

Similar synthesis methodology as for TiO2 was used for N/TiO2/rGO (Figure 1). The same 
evaluation methodology as for TiO2 was used for N/TiO2/rGO (Figure 2).  

 

Figure 12. X-ray diffraction patterns (left) and Raman spectra(right) of GO & rGO. 
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Figure 13. Photocatalytic degradation of ciprofloxacin by Commercial Degussa P25 TiO2 and N/TiO2/rGO 
samples under visible light (left), UV light (right), and solar light simulator (down). 

Five different concentration of rGO was evaluated (0.25, 1, 3, 5 and 10 wt%), but only the most 
relevant are displayed in figure 13. Results from 1wt% were similar to 3wt%, and results of 5wt% 
were analogous to 10wt%. It was observed that a higher concentration of rGO, lower is the 
photoactivity of N/TiO2/rGO composites. On the other hand, the adsorption capacity remains 
similar regardless of the amount of rGO. However, when it is compared the catalysts containing 
GO versus catalysts with rGO, it is noticed that those containing rGO s perform better, indicating 
that preliminary reduction of GO has a significant impact on the final properties of the catalyst.    

 

2.3 Magnetic support materials - Individual Research Project - Fellow 
ESR9 
 

Introduction 

Oxidoreductases, particularly Laccases and Peroxidases are promising candidates for enzymatic 
polishing of wastewater. They proved effective particularly to mitigate contamination by organic 
dyes and micropollutants like phenolic endocrine disruptors (e.g. BPA). However, among other 
issues, their relatively high costs and stability in real wastewater conditions does not justify their 
large-scale application yet. Immobilization onto a plethora of support materials has been 
described in recent years. We are focusing on superparamagnetic nanoparticles as support for 
covalently immobilized laccases and peroxidases. These support materials offer the possibility 
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to retain the catalysts in the reactor compartment, both batch mode as well as continuous 
operation is possible. Since peroxidases require hydrogen peroxide as cofactor and laccases 
have limited activity towards non-phenolic substrates, the coupling with magnetic 
semiconductor photocatalysts offers two mayor advantages: Hydrogen peroxide can be 
generated in situ for peroxidase reactions, and the substrate scope of enzymatic treatment can 
be extended by the synergistic action of generated radicals. 

Magnetic support materials 

Magnetite nanoparticles 

Magnetite nanoparticles were synthesized according to a slightly modified Massart method.[2] 
Subsequently, they were stabilized by the addition of citrate or tetramethylammonium 
hydroxide (TMAOH) respectively. Figure 1 shows the TEM images of the synthesized 
nanomaterials and their size distribution. In the case of TMAOH stabilization, slightly larger 
nanoparticles were obtained, compared to the citrate-stabilized variant (12±3 nm vs. 9±3 nm). 

Magnetic support materials 

Magnetite nanoparticles 

Magnetite nanoparticles were synthesized according to a slightly modified Massart method.[2] 
Subsequently, they were stabilized by the addition of citrate or tetramethylammonium 
hydroxide (TMAOH) respectively. Figure 14 shows the TEM images of the synthesized 
nanomaterials and their size distribution. In the case of TMAOH stabilization, slightly larger 
nanoparticles were obtained, compared to the citrate-stabilized variant (12±3 nm vs. 9±3 nm). 

 

Figure 14. TEM images of synthesized magnetite nanoparticles (upper half) and size distribution 
determined by ImageJ software (N=100). 

Core-shell nanoparticles 
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Previously synthesized core-shell nanoparticles were used as a reference material for 
functionalization and enzyme immobilization. Their characterization was already described in 
the literature.[1] 

Silica coated magnetite aggregates 

In order to prevent oxidative degradation and increase the chemical inertness of the synthesized 
magnetite nanoparticles, they were coated by a silica shell via a simple modified Stoeber 
approach.[3] Modifying the amount of tetraethylorthosilicate (TEOS) and ammonia solution, 
both the shell thickness as well as the size and shape of the multi-core aggregates could be 
controlled (Figure 15).  

 

Figure 15: Left: TEM images of synthesized magnetite aggregates, zones colored in lighter grey represent 
the silica shell and black spots the magnetite cores. Right: obtained shell thickness in dependence of 
applied reagent doses. 

For the following functionalization with the aminosilane (APTES), the aggregates wih a 
completed, but thin silica layer were chosen in order to maintain the available surface area as 
high as possible. The introduction of aminogroups alters the surface charge of the materials 
towards more positive values compared to silica surfaces. This change can be qualitatively 
detected by zeta potential measurements. The first functionalization experiments did not lead 
to a significant alteration of the surface charge nor a satisfying enzyme immobilization yield. 
After adapting the concentrations of the reagents in the functionalization reaction, better 
immobilization results were obtained. 

Directly functionalized magnetite nanoparticles 

While the step of functionalization as well as enzyme immobilization requires high nanoparticle 
concentrations (10-20 g/L), the manufacturing of small silica coated aggregates is only possible 
when magnetite nanoparticles are applied in diluted form (0,5 g/L). A laboratory-scale economic 
evaluation based on the purchasing costs of chemicals revealed that high costs and a significant 
amount of alkaline waste are associated with the synthesis of aggregates as shown in Figure 16. 
In order to facilitate the production of support materials,and reduce costs significantly,  a 
simpler approach proposed by Gasser et al. was performed, in which bare magnetite 
nanoparticles are directly functionalized by the aminosilane.[4] 
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Figure 16. Cost estimation based on laboratory scale synthesis costs for chemical purchase. 

Enzyme immobilization 

Different high redox potential laccases, namely T. versicolor laccase, a recombinant variant of P. 
ostreatus (poxA1b) and an alkali tolerant variant distributed by the company Metgen, originally 
developed for lignin valorization, product code L111C were immobilized onto the directly 
functionalized magnetite supports, the conditions were adapted in order to achieve high 
enzyme loads while maintaining a maximal immobilization yield (Table 3). 

Table 3. Immobillization yields and obtained specific activities for the studied high redox potential 
laccases. Abbreviations: MNP= magnetic nanoparticle; Enz= enzyme; GA= glutaraldehyde 

 

Regarding the stability in real wastewater, the immobilized enzymes surpassed their free 
counterparts and maintained more than 50% of their initial activity over several weeks (Figure 
17). 

Enzyme c(MNP) 
 [g L-1] 

c(Enz)  
[U mg-1] 

c(GA) 
[mol g-1] 

immobilization 
yield [%] 

washing loss 
[%] 

Enzyme load 
[U mg-1] 

T. versicolor 12.667 3.3 5.21 19±6 100±20 0.31±0.03 
T. versicolor 12.667 2.5 5.21 20.4±1.6 66±6 0.51±0.05 
T.versicolor (Asa) 12.667 5.6 5.21 23±4 63±5 1.20±0,07 
T. versicolor 12.667 1 5.21 64.4±1.2 9.1±0.9 0.539±0.012 
poxA1b 12.667 6.6 5.21 18 85 1.06 
poxA1b 12.667 1.5 5.21 65±5 25±7 1.05±0.05 
Metgen L111C 12.667 2.5 5.21 106±3 1.4±0.4 1.38±0.13 
Metgen L111 12.667 1.5 5.21 60±15 27±4 0.73±0.13 
Metgen L111C 12.667 2.2 5.21 101±7 0.09±0.12 1.07±0.05 
Metgen L111C 5 6 13.2 90±20 5±3 1.9±0.3  
Metgen L111C 5 6 5.21 69±4 14.6±0.4 1,97±0.06 
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Figure 17. Time course of enzyme activity. Immobilized and free enzymes were incubated in WWTP 
effluent, pH=7,68 at 24°C at 220 rpm in an incubator shaker. Dark blue: immobilized Trametes versicolor 
laccase (Sigma Aldrich), orange: immobilized poxA1b laccase grey: immobilized Metgen L111C laccase, 
yellow: Trametes versicolor laccase (Sigma Aldrich), light blue: poxA1b laccase, green: Metgen L111C 
laccase. 

Additionally to the laccase biocatalysts, a relatively recently discovered oxidoreductase, 
unspecific peroxygenase from A. aegerita,[5] was immobilized onto core shell nanoparticles and 
silica coated aggregates (Table 5). The immobilization procedure requires highly purified enzyme 
extract, which has to be repurchased to complete the immobilization experiments with the 
directly functionalized magnetite supports. 

Table 5. Immobilization yield and Enzyme load onto studied magnetic support materials 

 

Pending and previsioned characterization results 

Vibrating sample magnetometry to quantify the magnetic hysteresis of the superparamagnetic 
support materials has not been performed yet, since the apparent magnetic separability by a 
permanent magnet was achieved in less than 30 s, while resuspension was achieved by slight 
agitation. This qualitative proof of magnetic separability was satisfactory to proceed with the 
further modification. Since these measurements can only be performed in an external 
laboratory the characterization of the best materials will be done in one batch prior to 
publication.  The device to determine the BET surface area was not accessible yet. These 
measurements will be resumed as soon as the device is fixed, the data is expected to underline 
the differences in achievable specific activity for several materials. Furthermore, these results 
will complete the work which is previsioned to be performed at RWTH Aachen University from 
March 2021 on, where the extent of abiotic sorption to the biocatalysts will be studied. 

Support material Immobilization yield [%] Enzyme load [U mg -1] 

Core-shell-MP 80.2   1.75 
Aggregates 72.5 0.59 
Directly functionalized n.d. n.d. 

 



18 
 

The photocatalysts synthesized so far have been sent for TEM characterization in September, 
but the results are still pending. The photocatalytic activity including the quantum efficiency for 
selected model reactions of the magnetic photocatalysts will be assessed once the photoreactor 
has been set up at USC from September 2021 on. Preliminary irradiation tests in 4-mL vials were 
started in order to qualitatively detect the formation of hydrogen peroxide by a modified 
horseradish peroxidase assay for the selection of catalysts. 

Appendix 

Table 6. Compilation characterization of magnetic supports for biocatalysts 

 

Table 7. Compilation of magnetic nanophotocatalyst and status of their characterization 

 

 

 

2.4 TiO2 -Fe2O3 layered composites - Individual Research Project - 
Fellow ESR10 
 
2.4.1 Preparation of layered composite films  
 
The preparation involves mixing of commercial materials TiO2 (P25 Aeroxide) and Fe2O3 
(hematite) with titania precursor and silica sol precursor prior coating on glass support (Fig.18). 
The sandwich-type composite includes TiO2 and α-Fe2O3 with different layer configurations 

Support Coating  
Functionalization 

TEM 
characterization 

zeta-potential magnetic 

core-shell 
particles 

SiO2 APTES yes (previously 
published) 

 yes 

silica coated 
aggregates 

SiO2 APTES yes  yes 

Magnetite 
nanoparticles 

 APTES yes (published 
previously) 

19,2(published 
previously) 

magnetization 
curve 
published 

 

Support Coating Photocatalyst 
layer 
 

TEM 
characterization 

H2O2 
production 

magnetic 

magnetite 
nanoparticles 

SiO2 ZnO pending yes yes 

Magnetite 
nanoparticles 

SiO2 TiO2 pending n.d. yes 

Magnetite 
Nanoparticles 

- P-25 
(coprecipitation) 

pending n.d. yes 

Magnetite 
nanoparticles 

- Ag/AgO no no yes 

Magnetite 
nanoparticles 
(citrate stabilized) 

- Ag/AgO pending n.d. yes 
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namely: (i) TiO2 layers covering α-Fe2O3, (ii) α-Fe2O3 layer over TiO2 and (iii) physically mixed 50% 
(w/w) of TiO2/Fe2O3. Photocatalytic activity under solar irradiation was assessed by treating 
targeted pharmaceutical pollutant amoxicillin (AMX), as described in Fig.19. 

 

 

 

 

 

                         Figure 18. General Scheme for preparation of TiO2/ Fe2O3 layered composites. 

 

 

 

 

 

   

                             Figure 19. General Scheme for Photocatalytic degradation experiment 

2.4.2 UV-Diffuse reflectance spectra of composite films  
 
UV-diffuse reflectance spectra of TiO2 -Fe2O3 layered composites are shown in (Fig 20.A) ,which 
was later transformed to (Fig 20.B) via Kubelka-Munk function for calculation of band gap. The 
band gap (Eg) of samples were calculated from the onsets of the absorption edge using formula 
λg =1240/ Eg, where λg is the band-gap wavelength. As shown in Table 8, calculated Band gap 
values of TiO2 and Fe2O3 were in agreement to literature [1,2]. For TiO2 layers covering α-Fe2O3 
and α-Fe2O3 layer over TiO2, it was observed that the top layer contributes most on the total 
band gap of the composite. In addition, each layer reflectance identity can be observed in over-
all composite. Lastly, physically mixed 50% (w/w) of TiO2/Fe2O3 exhibits same reflectance 
identity and band gap energy with pure Fe2O3. 

 

 

 

 

Figure 20. (A) UV-vis diffuse reflection spectra of TiO2 -Fe2O3 , layered composites. (B) The plots F(R)1/2    
versus energy (eV) for the band gap energies by using Kubelka-Munk function 
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Table 8. Photocatalyst Bandgap values from Kubelka-Munk function 

 

 
 
2.4.3 Photocatalytic Degradation of Amoxicillin (AMX)  
 

As shown in Fig 21, TiO2 (top) – α-Fe2O3 (bottom) achieved the fastest degradation of AMX 
among all as-prepared composites, possessing first order rate constant of 4.6 x 10-3 min-1, higher 
comparing to benchmark TiO2 P25 as well (3.5 x 10-3 min-1). The enhanced effect is ascribed to 
heterojunction formation between TiO2 and Fe2O3. As described in Fig 22, photogenerated h+ in 
VB of TiO2 are transferred to VB of Fe2O3, also photogenerated e- in CB TiO2 are transferred to 
CB of Fe2O3 and thus, avoids the recombination of e-/h+ pairs at TiO2 surface. On the other hand, 
α-Fe2O3 (top) –TiO2 (bottom) showed inferior photocatalytic activity since α-Fe2O3 (top) may 
suffer from high recombination and h+ in VB position of α-Fe2O3 couldn’t react directly to 
H2O/OH- to form •OH, compared to TiO2 (top). Nevertheless, AMX degradation under TiO2 (top) 
– α-Fe2O3 (bottom) showed ~25% only and this leads us to proceed to addition of oxidant 
(Na2S2O8) (See section.2.4.4). 
 

 

 

 

 

 

 

 

Figure 21. (A) Photocatalytic degradation of AMX (50 µM) using TiO2 –Fe2O3  layered composite under 
solar light illumination; B) Corresponding rate constants for each sample. Other parameters (Initial 
pH=natural pH (5.5)) 

 

 

 

 

           Figure 22. Photocatalytic  degradation mechanism over TiO2/Fe2O3 composite.  
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2.4.4 Photocatalytic Degradation of Amoxicillin (AMX) with Na2S2O8 
Na2S2O8 acts as an electron acceptor in the solar-TiO2/Fe2O3 system. Moreover, it can introduce 
SO4

●‒ and additional •OH which can greatly enhanced AMX degradation. As shown, in Fig 23, 
TiO2 (top) – α-Fe2O3 (bottom)+ persulfate gives ~75% removal of AMX in 50 mins of solar 
irradiation. A significant increase, compared to 25% % removal (without persulfate) was 
achieved under the same conditions. This hybrid system also provides the activation of 
persulfate under solar irradiation without the need of pure UV light irradiation. On the other 
hand, it must be noted that TiO2 (P25)+Persulfate did not show any improvement. Enhanced 
effect may be ascribed to TiO2-Fe2O3 heterojunction formation, (see discussion in section 
2.4.3,Fig.5). 
 
 
 

 

 

 

Figure 23.  A) Photocatalytic degradation of AMX (50 µM) using various TiO2 –Fe2O3  layered 
composite under solar light illumination with oxidant (Na2S2O8 =1 mM ) Other parameters 
(Initial pH=natural pH (5.5)) 

2.4.5 Optimization of solar- TiO2/Fe2O3 –Persulfate system 
 
The influence of pH and [S2O8

2-] on the effectiveness of solar photocatalytic treatment was 
screened by means of response surface methodology (RSM). The values of process parameters 
are represented by independent variables: X1 and X2 (Table 9). Experimental space was 
described using 32 Full Factorial Design (FFD) for solar-TiO2/Fe2O3/persulfate system (Table 10). 
AMX degradation rate constant/s after 50 min treatment were chosen as processes response.  

Table 9. Experimental range and levels of process parameters/variables 

  

 

 

Table 10. 32 FFD matrix for AMX degradation by solar persulfate/TiO2-Fe2O3 process after 
50min 
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As shown, in Fig 24, 3D Fig 24.A plots of pH and persulfate dosage gives the optimum condition of pH=4; 
and AMX:PS ratio (1:6.68), with rate constant of 7.4 x 10-7 M/min. In addition, ANOVA studies (Fig 24.B ) 
showed that the model, parameter A=pH and parameter B= persulfate concentration are gives significant 
(p<0.05) contribution to the overall RSM model (Fig 24.C) 

 

 

 

 

 

  

 

Figure 24.  A) 3D plots of pH and µM (persulfate dosage) mutual interactions on AMX degradation ; B) 
Analysis of variance (ANOVA) of RSM model predicting degradation rate constant of AMX; C) RSM model 
describing AMX degradation rate constant by solar/ TiO2 –Fe2O3/PS 

2.4.5 Effect of Water Matrix, Reactive Oxygen Species (ROS) scavenger studies and TOC 
(preliminary) 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25.  A) Effect of Matrix; B) ROS scavenging studies; C) Total Organic Carbon Removal (preliminary) 

A B 

C 
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The influence of water matrix parameters i.e [Cl-]= 100 mg/L ; [CO3
2-]= 100 mg/L; [NO3

-]=2 mg/L ; 
and [HA]= 5 mg/L was studied individually and mutually combined to study their effects and to 
simulate a real-world wastewater matrix. As shown, Fig 25.A , CO3

2- dominantly affects the 
degradation of AMX compared to other constituents.  

For ROS scavenging studies, formic acid and tert-butyl alcohol were added as trapping agents of 
hole(h+) and hydroxyl radical (•OH) , respectively. Also, methanol was utilized as an inhibitor of SO4●‒ 
and •OH species. As shown in Fig 25.B, hole(h+) plays dominant role in the photocatalytic degradation 
process while SO4●‒ and •OH are other minor species to contribute degradation. The results agreed with 
latest literature regarding vis-persulfate/TiO2/FeOCl system [3]. On the other hand, benzoquinone for e- 
trapping experiment is to be followed up and will be included in journal publication. 

 

2.4.6 Hydrothermal Synthesis of TiO2/Fe2O3 (Preliminary) 
Hydrothermal synthesis of TiO2/Fe2O3 (Fig. 26 ) were carried out by dissolving Titanium (IV) Butoxide and 
Fe(NO3)3·9 H2O in Ethanol/Acetic acid solution. The reaction mixture was placed in Teflon autoclave and 
kept at 180 ºC for 12 h, yielding a brownish product. 

The next step will be optimization of %Fe2O3 in the composite and test its photocatalytic activity for 
degradation of AMX.  

 

 

 

 

 

Figure 26.  General Scheme for Hydrothermal Synthesis of TiO2/Fe2O3 

 
2.4.7 Hydrothermal Synthesis of TiO2 (001) nanosheets* 
TiO2 (001) nanosheets (Fig. 27)were prepared by mixing Titanium (IV) Butoxide and HF in teflon container 
and kept at 200 ºC for 24 h. 

Crystal Facet Engineering was employed in this process. The next step will be optimization of %Fe2O3 
quantum dots in the composite and test its photocatalytic activity for degradation of AMX.  

*(Note: TEM images are for representation only. This is not a result from the researchers. However, 
preliminary synthesis has been done as well) 

 

 

  

Figure 27.  General Scheme for Hydrothermal Synthesis of TiO2(001) Nanosheets 
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2.4.8 Hydrothermal Synthesis of Nitrogen-doped Carbon Quantum Dots (NCQDS) 

NCQDS were hydrothermally prepared at 180 ºC for 5h from Citric acid/Urea aqueous solutions 
(Fig. 28). NCQDS will be utilized to extend the wavelength absorption of the TiO2/Fe2O3 
composite via upconversion photoluminescence mechanism. Preliminary results showed the 
visual properties of NCQDS upon 365 nm illumination (Fig 29).  

 

 

 

 

Figure 28.  General Scheme for Hydrothermal Synthesis of Nitrogen-doped Carbon Quantum Dots 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                   Figure 29.  Photograph for NCQDS aqueous solution illuminated by 365 nm LED light 
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