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Abstract 21 

A semiconducting material (polyaniline-coated magnetic MoO3) with photodegradative properties 22 

and low solubility was synthesized and assessed in the degradation of tetracycline to address the 23 

rising concern of antibiotics in water systems. Polyaniline (PANI) provided a protective coating, 24 

significantly reducing MoO3 dissolution across a wide pH range, while the Fe3O4 core facilitated 25 

photocatalyst extraction from water. Uncoated MoO3@Fe3O4 dissolution significantly increased 26 

with increasing pH (dissolved 2.9% at pH 3 and 22.9% at pH 10). With the PANI coating, 27 

dissolution was reduced to 1.6% at pH 3 and 5.6% at pH 10. TC removal by PANI@MoO3@Fe3O4 28 

was 8.2 mg TC/g photocatalyst in visible light and 6.5 mg/g in dark within 35 minutes under 29 

optimum conditions. PANI@MoO3@Fe3O4 tetracycline degradative properties were facilitated by 30 

reactive species produced from water oxidation by photogenerated h+. Our initial assessment of 31 

PANI@MoO3@Fe3O4 as a photocatalyst for pharmaceutical contaminant degradation indicates 32 

PANI@MoO3@Fe3O4 is a promising material useful for wider environmental applications. 33 

 34 

Keywords: nanoparticles, photocatalysis, tetracycline, antibiotics, polymer coatings. 35 

 36 

1. Introduction 37 

As pharmaceutical production and use continue to increase, contamination of waterways due to 38 

emerging pharmaceutical contaminants (EPCs) has been of rising concern. Many EPCs in the 39 

environment have shown to bioaccumulate and persist in soils, plant tissues, and aquatic 40 

environments leading to acute and long term harm [1,2]. Conventional methods of removing EPCs 41 

such as filtration, adsorption-based, and advanced oxidation processes can have significant 42 
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drawbacks. For instance, filtration and adsorption-based processes present low removal of several 43 

EPCs (sulfamethoxazole, venlafaxine, piroxicam, among others) and produce sludge containing 44 

the removed EPCs, which is a major source of secondary pollution [1,2]. Advanced oxidation 45 

processes (such as ozonation and UV radiation) are able to break down pollutants, however, they 46 

are energy intensive and costly, and most are unable to fully degrade pharmaceutical contaminants 47 

[1,2]. As such, there has been considerable research interest in investigating visible light 48 

photocatalytic materials, in particular metal oxides, which are less energy intensive and have 49 

demonstrated their effectiveness in degrading a variety of EPCs (analgesics, antibiotics, and 50 

anticoagulants, among others) [1–10]. MoO3, a promising visible light photocatalyst, is easily 51 

synthesized and modified in terms of size and morphology and has demonstrated its utility in 52 

energy storage, field-effect transistors, thermoelectric devices, gas sensing, among others [11]. 53 

Furthermore, MoO3 is vastly underutilized in the degradation of EPCs [1,2]. Only recently, MoO3-54 

based materials have begun to be studied for pharmaceutical contamination removal and have 55 

demonstrated effective removal of a variety of EPCs: ibuprofen [7], diclofenac [6], tetracycline 56 

[12–15], ofloxacin [16], trimethoprim [3], metronidazole [17,18], and ciprofloxacin [19]. 57 

However, an important drawback of MoO3-based materials used in water treatment is their high 58 

solubility, which can greatly reduce their long term effectiveness and introduce additional water 59 

contamination, thus, reducing their usability in water treatment [11,20,21]. Despite this limitation, 60 

to our knowledge, no study has investigated a mechanism to reduce the solubility of MoO3 in 61 

aquatic systems in conjunction with examining whether MoO3 photocatalytic activity can be 62 

maintained in the degradation of EPCs.  63 

 64 
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To reduce the solubility of metal oxides, polymer coatings, and in particular, conductive coatings, 65 

can be utilized [22–27].  The conductivity of such coatings has been shown to contribute towards 66 

enhanced material stability against structural collapse or dissolution [22–27] and enhanced 67 

photocatalytic activity [25,27–33]. Polyaniline (PANI) is one such conductive polymer, which has 68 

notable advantages over other conductive polymers, namely, environmental stability, high 69 

conductivity, good electrochemical activity, ease and low cost of synthesis, and biocompatibility 70 

[34–36]. These properties have made it particularly appealing for use in water treatment. For 71 

instance, the incorporation of PANI on TiO2-based materials has led to improved ability of the 72 

nanocomposite to photodegrade methylene blue [32] and azo dye, while remaining stable even 73 

after solar irradiation [33]. PANI was further demonstrated to improve photodegradative properties 74 

in the degradation of dyes when coated on MoO3 [37] or ZnO [38], and in the degradation of 75 

tetraethylated rhodamine when coated on Bi2WO3 [25]. These improvements were attributed to the 76 

increase of photogenerated electron-hole pair separation and decrease of the recombination rate 77 

[25,33]. Furthermore, PANI has shown to reduce metal oxide breakdown in solution increasing 78 

material stability, which has made it particularly useful for metal corrosion protection in basic and 79 

acidic media [24]. Additionally, PANI incorporation in material used in energy storage has 80 

demonstrated improvement of electrochemical performance, which has been partly attributed to 81 

the reduction of metal oxide structural collapse during charge-discharge cycles by providing a 82 

protective layer [26,31]. 83 

  84 

In this study, we examined the effectiveness of PANI as a coating for MoO3 nanoparticles for 85 

application in EPC removal as well as its effectiveness in the reduction of the solubility of the 86 

underlying metal oxide material. Specifically, we studied the degradation of tetracycline (TC) by 87 
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PANI coated magnetic MoO3 and the dissolution of the coated and uncoated material at the 88 

conditions that show the highest photocatalytic activity. TC was selected as the model contaminant 89 

as it is an antibiotic of particular environmental concern, negatively impacting the environment 90 

and harming human health [8]. TC is one of the most widely utilized antibiotics, especially in 91 

animal feed and, due to its poor absorption by people and animals, an alarming amount of this 92 

compound and its metabolites are released into the environment [8,39]. It has also been 93 

demonstrated that it can contribute towards emergence of bacterial antibiotic resistance in water 94 

and wastewater [1,39,40], which make the presence of such antibiotic in water systems alarming.  95 

The magnetic MoO3 (MoO3@Fe3O4) utilized in this study, has previously demonstrated 96 

photocatalytic properties in methylene blue degradation and is easily removable from water due to 97 

its magnetic properties [27,41]. The synthesized PANI@MoO3@Fe3O4 (PMF) was able to 98 

improve photocatalytic activity (without yielding any detectable levels of TC degradation 99 

byproducts) as well as reduce the solubility of the uncoated material, MoO3@Fe3O4 (MF). Our 100 

results demonstrate the usefulness of PANI when applied as a coating on unstable metal oxide 101 

photocatalysts in  aqueous solutions, such as MoO3 [ref]. Many metal oxide nanomaterials 102 

researched for water treatment applications are not useful in commercial settings as material 103 

dissolution greatly decreases the utility of the material. Thus, versatile cost-effective solutions for 104 

reducing material dissolution are necessary and PANI has shown to be a promising material in 105 

achieving this goal. Not only can PANI coatings reduce material dissolution, reducing unintended 106 

contamination of water by dissolved nanomaterials, but they can also improve the metal oxide’s 107 

photocatalytic properties (34.7% improvement in photocatalysis for the material presented in this 108 

work), making the photocatalysts more effective in treating contaminated water. Furthermore, the 109 
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addition of a magnetic core can ease the recovery of the material after its use, reducing the chances 110 

of unintended release of the material in the environment. 111 

 112 

2. Experimental 113 

2.1. Materials 114 

The following materials were purchased from Sigma Aldrich: ammonium molybdate tetrahydrate 115 

((NH4)6Mo7O24 · 4H2O, AMT), iron (II, III) oxide (Fe3O4), nitric acid (12M HNO3), ethanol, 116 

aniline, hydrogen chloride (12M HCl), ammonium persulfate (APS), tetracycline (TC), aluminum 117 

chloride, sodium hydroxide, isopropyl alcohol, furfuryl alcohol, terephthalic acid, 2-118 

hydroxyterephthalic acid. Ethylenediaminetetraacetic acid (EDTA) and high-pressure liquid 119 

chromatography (HPLC) grade acetonitrile were purchased from (VWR chemicals, Radnor, PA. 120 

Potassium dichromate fine crystals and methanol (HPLC grade) were purchased from Fisher 121 

Scientific. Tetraacetic acid disodium salt (Ethylenedinitrilo) and Dihydrate (EDTA-2Na) were 122 

purchased from Macron Fine Chemicals. L(+) ascorbic acid GR  and Tris-HCl ultrapure reagent 123 

were purchased from EM Science and J.T. Baker, respectively. Materials were used without further 124 

purification. 125 

2.2. Synthesis of PANI coated magnetic MoO3 126 

Firstly, magnetic MoO3 was synthesized using a procedure similar to our previous publication 127 

[20]. Briefly, 2.46 g ammonium molybdate tetrahydrate (AMT) was dissolved in 20 mL deionized 128 

(DI) water. Then, 0.1 g Fe3O4 was dispersed in the AMT solution and bath sonicated for 15 minutes 129 

to create a homogeneous dispersion using a Bransonic Ultrasonic sonicator. The mixture was 130 
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heated at 90°C with high stirring (900 rpm) in an oil bath. Finally, 5 mL nitric acid was added 131 

slowly to the mixture when it had reached 90 oC and was left in the oil bath for three hours under 132 

continuous stirring to allow the growth of MoO3. The resulting material was cleaned via magnetic 133 

separation first using 70% ethanol and then DI water. The water was removed by centrifugation 134 

(Thermo Scientific Sorvall Legend XTR Centrifuge) at 1200 rpm (69 x g) for 40 min and the 135 

material was subsequently oven dried at 60°C. 136 

 137 

To synthesize the PANI coated material (PANI@MoO3@Fe3O4), a synthesis procedure derived 138 

from the synthesis of PANI-CeO2 [42] was utilized and the optimization of the components of the 139 

material were determined previously [27]. An amount of 0.1 mL of aniline was dispersed in 10 140 

mL 2M HCl, and, separately, 234.1 mg of ammonium persulfate (APS) was dissolved in a 10 mL 141 

2M HCl solution. Additionally, 1.012 g of the MoO3@Fe3O4 (MF) material was dispersed in 10 142 

mL 2M HCl and sonicated for 15 minutes. The three solutions were placed in an ice bath to allow 143 

their temperatures to equilibrate. Subsequently, the mixture with MoO3@Fe3O4 was allowed to 144 

stir using high stirring speed (500 rpm) and the aniline solution was introduced to the mixture. 145 

Finally, the ammonium persulfate solution was added dropwise. The resulting mixture was stirred 146 

for 2 hours in the ice bath to allow aniline to polymerize on MoO3@Fe3O4. Once the 147 

polymerization was complete the PANI@MoO3@Fe3O4 (PMF) material was cleaned with DI 148 

water and centrifugation at 1200 rpm (69 × g) for 30 min and was then oven dried at 50 oC 149 

overnight [27]. 150 
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2.3. Characterization 151 

A detailed characterization of the material was conducted in our previous publication [27] in which 152 

the PMF was analyzed via scanning electron microscopy (SEM), X-ray diffraction spectroscopy 153 

(XRD), X-ray photoelectron spectroscopy (XPS), and attenuated Fourier transform photoelectron 154 

spectroscopy (ATR-FTIR). Herein, we provide additional SEM images of the material (samples 155 

were coated with gold for 30 s using a Denton Desk V gold coater and the SEM images were 156 

acquired using Nova NanoSEM 230), the - potential of the material over a range of pH values, 157 

and additional ATR-FTIR data (Nicolet iS10 Mid Infrared FTIR Spectrometer by Thermo Fisher 158 

Scientific, USA). To obtain the -potential of the material, first, a stock suspension of 1000 ppm 159 

was prepared in DI water. Then, 5 mL of the stock suspension was transferred to a separate 160 

container where the pH was adjusted using either 0.1 M HCl or 0.1 M NaOH. The final volume of 161 

the pH adjusted suspensions was 10 mL to obtain solutions with 500 ppm of the material. The ζ-162 

potential and hydrodynamic radius were measured at room temperature using dynamic light 163 

scattering (DLS) with the Malvern ZetaSizer Nano instrument using the Smoluchowski model. 164 

Prior to testing the samples, the ζ-potential and hydrodynamic radius of a Zeta Transfer Standard 165 

(ZTS1250, Malvern Panalytical) were measured to ensure proper instrument functionality. All the 166 

measurements were performed in triplicate. 167 

2.4. Dissolution 168 

Dissolution experiments were conducted at pH 3, 5, 7, and 10 to determine the relationship 169 

between pH and material dissolution for the uncoated and coated materials. DI water at the 170 

different pH values was prepared using either 0.1 M HCl or 0.1 M NaOH. Then, either 171 

MoO3@Fe3O4 (MF) or PANI@MoO3@Fe3O4 (PMF) were added to 15 mL of pH adjusted 172 
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solutions to achieve starting concentrations of 500 ppm of each material. The starting 173 

concentration utilized was based on the optimal concentration of the photocatalyst in the 174 

photocatalysis process in the degradation of tetracycline by the PMF photocatalyst. Each mixture 175 

was kept under static conditions at room temperature. After 35 min (the length of reaction in the 176 

photocatalysis experiments) samples were filtered using a 0.2 μm syringe filter (VWR sterile 177 

syringe filter). Then, an Amicon centrifugation tube (Ultra-15, Millipore, molecular weight cutoff 178 

of 30,000 Da) was utilized to remove any remaining solid particles by centrifuging the solutions 179 

for 15 min in a Thermo Scientific Sorvall Legend XTR centrifuge at a speed of 4200 rpm. The 180 

resulting solutions were analyzed using a Perkin-Elmer AANalyst 200 Atomic Absorption 181 

Spectrometer equipped with a molybdenum lamp [20]. For the instrument calibration, 100 ppm 182 

MoO3 stock solution was prepared by dissolving ammonium molybdate tetrahydrate in DI water, 183 

and standard solutions were prepared by diluting the stock solution to 1, 10, 20, 30, and 40 ppm. 184 

Since the presence of Fe in the solution can suppress the molybdenum signal, 0.5% aluminum 185 

chloride was added to the samples and standard solutions prior to analysis [43]. Samples were 186 

prepared in duplicate and tested in triplicate. 187 

2.5. Tetracycline removal 188 

Removal experiments were carried out in a 96 well plate wherein the concentration of tetracycline, 189 

photocatalyst, and pH were varied. In a typical experiment, stock solutions of 20 ppm TC in DI 190 

water and 1000 ppm of the photocatalyst in DI water were prepared at the target pH by adjusting 191 

the pH using either 0.1 M HCl or 0.1 M NaOH. Appropriate amounts of each stock solution were 192 

added to two separate 96 well plates and each plate was set in dark conditions by covering with 193 

foil to allow initial adsorption of TC to the nanocomposite. The total volume in each well was 200 194 
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μL. The PMF concentration was tested at 100 ppm, 200 ppm, 250 ppm, 300 ppm, 500 ppm, 600 195 

ppm, 800 ppm, and 1000 ppm. The initial TC concentration was tested at 1 ppm, 2 ppm, 5 ppm, 8 196 

ppm, and 10 ppm. The pH values utilized were 3, 5, 7, and 10. Due to the high affinity of TC 197 

towards the photocatalyst, the plates were set in dark conditions for five minutes. As seen in Figure 198 

S1, the adsorption of TC shows no significant change between five minutes and thirty minutes. 199 

This higher adsorption capacity with a five minute equilibration time has also been observed with 200 

PANI/TiO2 [36]. After the five-minute adsorption time in the dark, one plate was uncovered and 201 

irradiated using visible light (Philips F4T5 soft white, 4W) for 30 minutes. Fluorescence 202 

measurements were obtained for each plate prior to irradiation and after 30 minutes using a UV-203 

Vis fluorimeter (Biotek SynergyMX Microtiter plate reader) with an excitation wavelength of 390 204 

nm and an emission wavelength of 520 nm [44]. Experiments were performed in triplicate, and 205 

controls containing the tetracycline solution without the PMF material were also included. 206 

2.6. TC Degradation mechanism 207 

To investigate the species responsible for TC photocatalytic degradation, the TC removal 208 

experiment at the optimal conditions (500 ppm photocatalyst, 5 ppm initial TC dose, pH 5) was 209 

repeated while adding known reactive species scavengers (EDTA as a hole (h+) scavenger, 210 

K2Cr2O7 as an electron (e-) scavenger, isopropanol (IPA) as an OH radical (·OH) scavenger, and 211 

ascorbic acid (ASC) as a superoxide anion (·O2
-) scavenger) [45]. The concentrations of each 212 

scavenger were 10 mM, 50 mM, 75 mM, and 75 mM for EDTA, K2Cr2O7, IPA, and ASC, 213 

respectively [46,47]. High pressure liquid chromatography (HPLC) was utilized to quantify singlet 214 

oxygen (1O2) production of PMF by degradation of a probe compound (furfuryl alcohol) in the 215 

light and dark, as well as for analysis of possible byproducts.  216 
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2.7. HPLC procedures 217 

2.7.1. Singlet oxygen detection 218 

A previously reported method was utilized in the evaluation of the singlet oxygen (1O2) species 219 

[20].  PMF (500 ppm), as described in the photocatalysis section, was mixed with 10 M furfuryl 220 

alcohol (FFA), and the same experimental procedure as the TC degradation experiments was 221 

performed. Blank (with PMF only) and negative controls (without PMF and only FFA) were also 222 

prepared. After the 30 min reaction, the PMF was removed by filtration using 0.05 m nylon 223 

filters. High performance liquid chromatography (HPLC) was utilized for the analysis of the 224 

filtrate samples using an Agilent Technologies 1290 Infinity HPLC with a Zorbax Eclipse Plus 225 

C18 (4.6 × 150 mm, 5 m). The mobile phase was 80% H2O: 20% MeOH, 1 mL/min was used as 226 

the total flow rate, and the injection volume was set to 20 L. 1O2 was determined via 227 

quantification of the FFA using the UV peak area for λ = 219 nm (retention time of 2.6 min) and 228 

the %FFA degradation was calculated by the equation 229 

𝐹𝐹𝐴 (%) =  
𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 − 𝑆𝑎𝑚𝑝𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
 ×  100 (1) 

An FFA calibration standard was prepared and analyzed using HPLC with the same conditions. 230 

2.7.2. Tetracycline quantification 231 

The HPLC analysis for the quantification of tetracycline and degradation byproducts was carried 232 

out on the same Agilent 1290 Infinity HPLC system used for the FFA analysis. All the samples 233 

were filtered using 0.1 µm PVDF syringe filter (Durapore, Merck Millipore, Carrigtwohill Co., 234 

Cork, Ireland) prior to injection. The sample injection volume was 20 µL and flow rate was 0.5 235 

mL min-1. The gradient method was optimized on mixtures of tetracycline and several of its 236 

degradation byproducts (4-epitetracycline, oxytetracycline, tetracycline, methacycline, 237 
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doxycycline, chlortetracycline, minocycline, and anhydrotetracycline) to allow for the separation 238 

and quantification of a variety of compounds (Figure S2) [48–51]. A gradient elution was used for 239 

a 30 min total run duration using mobile phase (A) 0.001 M ethylenediaminetetraacetic acid 240 

(EDTA) in deionized water and (B) HPLC grade acetonitrile (VWR chemicals, Radnor, PA). The 241 

mobile phase composition was ramped from 90% A (10%B) to 85% A (15% B) over the first 3 242 

minutes, then ramped to 75% A (25% B) over the next 12 minutes, and finally ramped to 50% A 243 

(50% B) over 10 minutes. Then, the composition was ramped back to 90% A (10% B) over 2 244 

minutes and held for 3 minutes to equilibrate for the next injection. Tetracycline was quantified 245 

using the UV peak area at 355 nm as the peak wavelength. 246 

2.8. Statistical analysis and chemical structures  247 

Statistical analysis was performed using the software Prism 9 utilizing two-way ANOVA analysis 248 

with multiple comparisons (correcting for multiple comparisons using the Bonferroni test). 2-D 249 

chemical structures were drawn using MarvinSketch Version 21.9 by ChemAxon, and 3-D 250 

molecules used in illustrations were created using Avogadro: an open-source molecular builder 251 

and visualization tool, Version 1.2.0. Illustrations were created using Affinity Designer Version 252 

1.9.3. 253 

 254 

3. Results and Discussion 255 

3.1. Material Characteristics 256 

The SEM images (Figure 1) of the uncoated MoO3@Fe3O4 (MF) displayed a hexagonal rod type 257 

structure (Figure 1.a) with rod diameters ranging from approximately 0.24 to 1.25 μm [27]. The 258 
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MF material presented a smooth surface, which changed once coated with the emeraldine salt form 259 

of PANI. The surface appeared rough after the coating process indicating the presence of the 260 

polymer in the PANI@MoO3@Fe3O4 (PMF) material (Figure 1.b). The polymer layer appeared to 261 

cover the majority of the MF surface and was determined to have a radius of gyration of 136.9 ± 262 

0.92 nm using small-angle neutron scattering data analysis in our previous publication, which 263 

examined the growth of the polymer layer on the nanoparticles [27]. The measured hydrodynamic 264 

radius of the material changed from 794.90 ± 15.13 nm to 889.20 ± 12.02 nm when coated with 265 

PANI, and its polydispersity decreased from 0.477 to 0.449. The PANI coating was determined to 266 

have a significant effect on the dissolution of the MoO3 in the material (Figure 2). MF exhibited 267 

significant dissolution of MoO3 as pH was increased from 3 to 10 reaching a maximum dissolution 268 

of 22.9 ± 1.0% at pH 10. The PANI coating was able to reduce this dissolution to a maximum of 269 

5.6 ± 0.2%. In the MF material, dissolution at pH 3 was determined to be 2.9 ± 0.1% (100 ppm 270 

difference from the dissolution of the MF material at pH 10), while in the PMF material, the 271 

dissolution at pH 3 was 1.6 ± 0.2% and increased significantly less than that of the MF material as 272 

pH was increased to 10 (20 ppm increase). Overall, pH increased dissolution in the coated and 273 

uncoated materials, however, the effect of pH in the dissolution of the material was significantly 274 

reduced (76% reduction at pH 10) with the presence of the PANI coating. 275 
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            276 

 277 
Figure 1: SEM images of a) Fe3O4 ( 27,000 magnification), b) MF ( 20,000 magnification), and 278 

c) PMF ( 27,000 magnification) 279 

 280 

 281 
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Figure 2: Dissolution of uncoated magnetic MoO3 (MF) and PANI coated magnetic MoO3 (PMF) 283 

 284 

The ζ-potential of the PMF material was measured at a wide pH range, with pH values in the range 285 

of 1 to 11 (Figure S3) and the isoelectric point (IEP) was estimated to have a value of 7.44 ± 0.21. 286 

At more acidic pH values, the material was positively charged in solution, and as pH increased the 287 

effective surface charge of the material decreased.  Likely, at more basic pH values the emeraldine 288 

salt started to change to emeraldine base, which reduced the number of protonated nitrogen groups 289 

in the PANI backbone (Scheme 1) [52,53]. Due to this change, the overall surface charge and 290 

conductivity were expected to decrease as pH increased. 291 
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 292 

Scheme 1: PANI doped (emeraldine salt) form and deprotonated form (emeraldine base) [54] 293 

3.2. Photocatalytic activity 294 

To determine the conditions that led to high photocatalytic activity, the effects of changes in 295 

photocatalyst dosage, initial TC concentration, and pH level were examined (Figure 3 presents the 296 

photocatalysis results, which is also supported by the HPLC data in Figure S1). Photocatalytic 297 

activity is defined herein as TC removal solely due to degradation induced by light exposure. 298 

Removal in the light is a result of adsorption, photocatalysis, and any catalytic processes, while 299 

removal of TC in the dark is a result of only adsorption and any Fenton reactions or catalytic 300 

processes that could be potentially occuring [20]. Photocatalytic activity largely depends on the 301 

ability of the material to promote reactive oxygen species (ROS) generation since they are 302 

ultimately responsible for the degradation of TC. The primary species leading to TC degradation 303 

by a variety of materials are OH radicals (·OH) and superoxide radicals (·O2
-), with holes (h+) also 304 

playing a role in the mechanism [55]. To help with the investigation of the mechanism of TC 305 

degradation by PMF, optimal reaction conditions were first determined. 306 
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 307 

As the TC concentration was kept constant and the photocatalyst dosage increased from 100 to 308 

1000 ppm, TC removal showed an upward trend (Figure 3.a). In addition, while removal values 309 

initially increased, eventually they reached a plateau, where the incremental increases in dosage 310 

did not show statistically significant changes in the removal values of TC in light and dark (Table 311 

S1). The initial increase in photocatalytic activity can be attributed to the increase of PMF 312 

concentration. It has been found that an increase of the photocatalyst in solution increases 313 

photocatalytic and adsorption active sites and as a result increases the photogenerated reactive 314 

oxygen species responsible for TC degradation [56]. However, as photocatalyst concentration 315 

increased so did the turbidity of the solution. An increase in turbidity limited the light from 316 

reaching the material, effectively reducing the photocatalytic activity [9,56]. The minimum 317 

effective concentration of PMF in which TC removal in dark and light did not show statistically 318 

significant changes with the incremental increases in photocatalyst concentrations, but showed a 319 

statistically significant difference between light and dark TC removal  (p value = 0.013), was 500 320 

ppm. At this concentration TC removal reached 63.6 ± 0.04% in the light and 54.4 ± 1.2% in the 321 

dark. 322 
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 323 
Figure 3: Removal of TC in light and dark determined using fluorescence quantification when (a) 324 

PMF is increased and TC concentration is kept at 10 ppm at pH 5, (b) TC concentration is altered 325 

and PMF concentration is kept at 500 ppm at pH 5, (c) PMF concentration is 500 ppm and TC 326 

concentration is 5 ppm and pH is varied, and (d) comparing removal of TC between each synthesis 327 

stage of the material (F is Fe3O4, MF is MoO3 coating the Fe3O4, and PMF is the PANI coated 328 

MF) using 500 ppm of each material and 5 ppm TC at pH 5 329 

 330 

When TC concentration was increased from 1 to 10 ppm with the optimum photocatalyst 331 

concentration of 500 ppm (Figure 3.b), the TC concentration, which showed the highest 332 

photocatalytic degradation (removal of TC in the light not including adsorption), was 5 ppm (82.1 333 

± 2.6% removal in light and 64.6 ± 3.2% removal in the dark, corresponding to 8.2 mg TC/g 334 

photocatalyst and 6.4 mg TC/g photocatalyst, respectively) with a p value less than 0.0001 when 335 
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comparing TC removal in the light and in the dark. The reaction best followed a pseudo first order 336 

reaction where the rate constant, k, was calculated from the HPLC data (Figure S1) to be 3.7  10-337 

2 min-1. Removal of TC was greatly reduced and the differences between TC removal in light and 338 

dark were largely insignificant when TC initial concentrations were larger than 5 ppm. Likely, as 339 

TC increased, the surface of PMF reached its adsorption capacity and the additional TC hindered 340 

light absorption by PMF by its excess presence in solution, which could have caused complexation 341 

with other TC molecules on the surface of the material. It is also likely that the excess TC led to 342 

an increase in degradation intermediates, which could have competed for ROS thus hindering the 343 

breakdown of TC [57]. 344 

 345 

The change in photocatalytic activity as pH became more alkaline (Figure 3.c) can be attributed to 346 

the effect of pH changes on TC and PANI. TC exhibits electron donor and acceptor moieties, and 347 

at a pH of approximately 6, it aquires a zwitterionic form (Scheme 2) [58]. For photocatalysis to 348 

occur, TC needs to be adsorbed to the surface of the photocatalyst. Adsorption of TC is highest 349 

when the adsorbent is a good electron donor [59]. As evidenced in Figure 3.c, adsorption did not 350 

change significantly as pH increased, although photocatalytic activity diminished when pH was 7 351 

and higher, likely, due to the chemical changes occuring in both TC and PANI as pH increased 352 

(see Figure S2, Scheme 1, and Scheme 2). As pH increased, deprotonation of emeraldine PANI 353 

occurred, thus, changing PANI to its emeraldine base form (Scheme 1) and reducing its surface 354 

charge as discussed in section 4.1 [52]. The protonation of PANI is what improves conductivity 355 

due to the polarons and bipolarons that are formed and act as charge carriers [52]. The emeraldine 356 

base form of PANI is non-conductive, which can hinder electron mobility. It has been shown that 357 

PANI in its conductive form improves photocatalytic activity by reducing e--h+ recombination at 358 
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valance and conduction bands of the metal oxide [33]. In a study on the effect of PANI coatings 359 

on TiO2 for the degradation of azo dye, it was determined that pH changes alter the degradation 360 

rate, while the removal amount is not changed [33]. In another study examining the triethylamine 361 

(TEA) adsorptive properties of PANI coated α-MoO3, it was determined that reduction in 362 

conductivity of PANI hinders hole transport around the interface due to the disruption of the 363 

junction’s e--h+ equilibrium [59]. The result is an increase in the depletion region width, which 364 

can prevent hole transport in the juncton [59]. Thus, the recombination of e-- h+ pairs of the metal 365 

oxide photocatalyst increases, effectively reducing photocatalytic activity.  366 

 367 
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 368 

Scheme 2: TC dependence on pH 369 

 370 

When comparing removal of TC with the coated and uncoated material (Figure 3.d) it is evident 371 

that PANI is critical in improving the photocatalytic activity of the material in the degradation of 372 

TC. Conductive polymers in general have demonstrated their role as stable photo-sensitizers due 373 

to their charge carrier separation efficiency [35]. For PANI, its synergistic effect on 374 

semiconducting material has been observed to arise from its ability to form heterojuction interfaces 375 

via the generation of trapping levels [35]. In a study of the effect of PANI on CdS, for instance, 376 
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photoexcited electrons from PANI were shown to move to conduction band of the photocatalyst, 377 

and, in turn, the photogenerated holes from the photocatalyst were able to  move to the surface of 378 

the composite thereby reducing the probability of recombination of electrons and holes [35]. In 379 

PANI-TiO2, it was speculated that in addition to the decrease in e--h+ recombination, PANI also 380 

protected the TiO2 surface from being blocked by intermediates owing to the mobility of PANI 381 

active sites [33]. It has been previously shown that the presence of MoO3 in PANI enhances the 382 

conductivity of PANI via the emergence of trapping levels [59,60]. This heterojunction formation 383 

has been shown to improve the adsorptive capabilities of α-MoO3/PANI composite towards 384 

triethylamine (TEA) [59]. The α-MoO3 component acts an n-type semiconductor while PANI acts 385 

as a p-type in the p-n heterojuction, which was favorable in the physisorption of vapors that are 386 

good electron donors, such as the TEA studied [59]. In the case of the PMF material tested herein, 387 

while it is possible PANI prevented byproducts from taking up active sites, the reduction of e--h+ 388 

recombination and the movement of holes to the surface of the material where likely the primary 389 

contributing factors in the observed increase in photocatalytic activity. Comparing the 390 

photocatalytic performance of PMF with other materials when tested in the degradation of 391 

tetracycline (Table 1) shows that the PANI coated material used in this study has significant 392 

advantages. While other photocatlysts use UV light to degrade TC, PMF can degrade TC using 393 

low power visible light. In addition, the time it takes to reach over 80% degradation of TC (30 394 

min) is significantly less than other materials and does not require a large quantity of catalyst to 395 

degrade 5 ppm TC. 396 

 397 

 398 
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Table 1: Photocatalytic degradation performance of the material presented in this work and of 399 

other materials for comparison 400 

Material [Catalyst] 

(ppm) 

Initial 

TC dose 

(ppm) 

Light 

Source 

TC 

removal 

and 

Reaction 

time 

Removal 

rate 

constant 

(10-2 

min-1) 

Ref 

Bi2O3/Bi2S3  3000 5 Visible 84% (60 

min) 

- [61] 

LaCoO3:Bi4Ti3O12 

 

500 5 UV-Vis 87.8% (100 

min) 

2.2 [62] 

TiO2-P25 200 10 Visible 

(500 nm) 

56.7% (120 

min) 

0.69 [63] 

Zn4B6O13 1600 20 UV, 125W 89% (180 

min) 

0.67 [64] 

ZnOe 10 5 UV-Vis, 

60 W 

75% (180 

min) 

1.04 [65] 

PANI@MoO3@Fe3O4 500 5 Visible, 

4W 

82.1% (30 

min) 

3.70 This 

work 

 

 401 

The ATR-FTIR spectra of TC and PMF in the light and dark with and without TC were acquired 402 

to confirm the adsorption and degradation of TC by PMF and examine whether the chemistry of 403 

PMF was affected by light. The wide-range spectra (4000 cm-1 to 675 cm-1) are shown in Figure 404 

S4.a, however, the spectra were primarily analyzed in the range below 1750 cm-1 (shown in Figure 405 

4 with more detailed spectra shown in Figure S4) since the characteristic peaks of TC are in the 406 

range of 1700 to 1200 cm-1 [66,67]. The spectra between 3100 cm-1 and 2870 cm-1 are also included 407 

due to the presence of a peak at 2981 cm-1 in the PMF Light and Dark without TC spectra, which 408 

was attributed to the C-H stretching vibrations of PANI [68]. In comparing the PMF  ATR-FTIR 409 

spectra after the material has been under dark conditions and after it has been irradiated by visible 410 

light for 30 minutes, no discernible difference between the spectra was observed, indicating that 411 

there was no significant degradation of PANI in the light (Figure 4). This stability of PANI under 412 

visible light in conjunction with the lower material dissolution observed after coating the material 413 
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with PANI are favorable properties when considering the efficiency and recyclability of the 414 

material. However, additional studies would need to be conducted to examine in depth the long 415 

term stability and recyclability of the material. 416 

 417 

The TC spectra in Figure 4 presented two peaks in the 3100 cm-1 and 2870 cm-1 range at 3036 cm-418 

1 and 2950 cm-1 attributed to the C-H and -CH3 stretching, respectively [69,70]. In the TC spectra, 419 

the peaks at 1693 and 1612 cm-1 corresponded to the C=O stretching vibrations in the carbonyl in 420 

the amide group of ring A and carbonyl group of ring A of TC, respectively [67,71,72]. The spectra 421 

of PMF with TC are very similar to that of PMF in the light and dark aside from the appearance 422 

of three additional distinct bands, indicating that the adsorption of TC primarily occured at the 423 

surface of PMF [73]. The emergence of the peak at 1644 cm-1 corresponding to C=O stretching 424 

vibrations after TC adsorption on PMF was likely a peak shift from the 1693 cm-1 peak of TC, 425 

indicating the presence of hydrogen bonding between the amide group of TC and the surface of 426 

PMF [66,74,75]. The peak of TC at 1318 cm-1 and of PMF at 1300 cm-1 from the C-N stretching 427 

in the amide group and C-N/C-N+ stretching vibrations, respectively, appearred to shift to the 428 

strong peak at 1278 cm-1, which was present in the PMF + TC in the dark spectra [27,67,73]. The 429 

peak at 1278 cm-1 was likely due to hydrogen bonding interactions between the C-N of the TC 430 

amine group and C-N/C-N+ of PANI. Furthermore, there were changes in the C-H vibrations of 431 

the TC and PMF spectra after TC adsorption. The C-H bending vibrations of TC at 829 cm-1 shifted 432 

to 837 cm-1 in the PMF + TC dark spectra. Given these changes, TC likely formed strong hydrogen 433 

bonds with the PANI coating at the TC amino, carbonyl, or C-H groups as shown in Figure 5. 434 

Upon light irradiation of the PMF + TC the peak at 837 disapeared, the and the C=O stretching 435 

vibrations and C-N vibrations decreased in intensity. Given that the difference between PMF in 436 
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the dark and PMF in the light was insignificant, the ATR-FTIR spectra changes signified a 437 

decrease in the presence of TC on the surface of PMF indicative of TC degradation.  438 
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Figure 4: ATR-FTIR spectra of TC and TC adsorbed on PMF after 30 minutes in the dark and 30 440 

minutes in the light 441 
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 442 
Figure 5: PMF and TC interaction based on ATR-FTIR analysis. TC primarily forms hydrogen 443 

bonds at the TC amide functional group and C-H and C=O along the structure  444 

3.3. ROS involvement in TC degradation 445 

To elucidate the probable mechanism of photodegradation of TC by PMF, photocatalysis 446 

experiments were conducted in the presence of reactive species scavengers. In particular, EDTA 447 

was utilized as a hole (h+) scavenger, K2Cr2O7 as an electron (e-) scavenger, isopropanol (IPA) as 448 

a hydroxyl radical (·OH) scavenger, and ascorbic acid (ASC) as a superoxide anion (·O2
-) 449 

scavenger [45]. In addition, singlet oxygen production and presence of TC and several TC products 450 

were evaluated using HPLC. The TC degradation results from HPLC agreed with the results from 451 

the fluorescence spectroscopic analysis. HPLC chromatograms (see Figure S2 and Figure S5) were 452 

utilized to calculate the TC concentration progression in light and dark during its photocatalysis 453 

by PMF (Figure S1) and assess TC products. The HPLC analysis on the byproducts did not reveal 454 

any other TC conformations or degradation byproducts. Figure S2 shows the tetracycline products 455 

(4-epitetracycline, oxytetracycline, tetracycline, methacycline, doxycycline, chlortetracycline, 456 

minocycline, and anhydrotetracycline) tested to compare with the TC degradation samples in the 457 
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30 min run [48–51]. While not every possible byproduct was able to be tested for identification, 458 

peaks in the HPLC data, other than TC, were too small to accurately ascertain their presence (see 459 

Figure S2 and Figure S5). Thus, either minute amounts of byproducts were generated in the 460 

solution, or any byproducts were adsorbed by the PMF, which would be beneficial in water 461 

treatment as any toxic byproducts would be prevented from being released.   462 

 463 

Via the scavenger experiments, we can propose likely mechanisms of TC degradation by observing 464 

effects of ROS quenching by the scavengers on the photocatalysis of TC [14,15,57,76]. As all 465 

scavengers, aside from K2Cr2O7, eliminated any TC removal due to light absorption (Figure 6a).  466 

From this data, we can conclude that the critical reactive species responsible for the 467 

photodegradation of TC were photogenerated h+, ·OH, and ·O2
-. Specifically, since no change in 468 

adsorption and no photocatalysis were observed when the h+ scavenger (EDTA), the ·OH 469 

scavenger (IPA), and the ·O2
- scavenger (ASC) were in the solution, all respective quenched 470 

reactive oxygen species participated in the degradation mechanism of TC by PMF. While some 471 

catalytic activity is possible in the dark as evidenced by the presence of less than 5% FFA removal 472 

by 1O2 generation, the increase in singlet oxygen production in the light indicates a greater amount 473 

of 1O2 production in the light (Figure 6b). Generation of 1O2 can result from oxidation of ·O2
-, 474 

which forms via a stepwise procedure initiating when water molecules are oxidized to form ·OH 475 

or H2O2 [77]. The hydroxyl radicals can then dimerize to form H2O2, which can then be oxidized 476 

into ·O2
-  [77].  In essence, ROS formation can follow either of these following reactions: 477 

 𝐻2𝑂 + ℎ
+  
𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
→        𝑂𝐻•

𝑑𝑖𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛
→         𝐻2𝑂2  

𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
→       𝑂2

−•
𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
→       𝑂2

1            (2) 478 

or 479 
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𝐻2𝑂 + ℎ
+  
𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
→        𝐻2𝑂2

𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
→       𝑂2

−•  
𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
→       𝑂2

1 .            (3) 480 

Given that TC photocatalytic degradation was hindered by all three scavengers, it is likely TC 481 

degradation by PMF was primarily achieved via nucleophilic attacks by ·O2
- and ·OH formed via 482 

the oxidation of water molecules. The significant role of ·O2
- and ·OH  in TC degradation has also 483 

been observed in the degradation of TC by CuS4 and by the use of electro-catalysis [55,57]. 484 

However, in the TC degradation by PMF, h+ also plays a critical role as evidenced in Figure 6, 485 

either via its participation in the formation of ·O2
- and ·OH or in the TC degradation pathway. One 486 

potential degradation pathway, in which ·O2
- and ·OH were the primary reactive species, was 487 

observed when CuS4 was utilized [55]. In this reaction, TC reacted with ·O2
- and ·OH, resulting in 488 

the cleavage of -NH and inclusion of ·OH, respectively [55]. Subsequent attacks by ·O2
- and ·OH 489 

resulted in cleavage of the -CO group or addition of ·OH in the new products, respectively, leading 490 

to ring opening and eventual breakdown of the intermediate products by reactive species (Figure 491 

7) [55]. In the electro-catalytic degradation of TC by a carbon nanotube/agarose/indium tin oxide 492 

electrode, ·O2
- and ·OH also played major roles in the degradation of the TC molecules [57]. It 493 

was speculated that ·OH first reacted with TC areas high in electron density, and then was oxidized, 494 

primarily by ·O2
-, forming three main intermediates, which were further degraded by the 495 

elimination of ketone groups, carboxylic groups, and ring opening reactions [57]. In the visible-496 

light photodegradation of TC by BiOCl@CeO2 microspheres, ·OH were thought to directly 497 

oxidize TC after being generated via the oxidation of OH- or H2O by h+ in the BiOCl valence band 498 

[76]. In addition, ·O2
-, formed by e- capture of O2 in the conduction band of CeO2, was thought to 499 

also play a role in degradation mechanism by oxidizing TC [76]. Quenching of any step in the 500 

different degradation mechanisms would lead to the preservation of the TC molecule or byproduct 501 

structures. 502 
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 503 

In the case of PMF degradation of TC, the generation of ·O2
- and ·OH was most likely initiated by 504 

the oxidation of water by h+ in the valence band of PANI, as in the case of the BiOCl@CeO2 505 

microspheres. Then, nucleophilic and radical attacks by ·O2
- and ·OH could have been responsible 506 

for the degradation of TC. We should note that ·O2
- could also have formed via the reduction of 507 

O2 by photoexcited e-, where in this pathway ·O2
- could become reduced to H2O2, and then ·OH, 508 

leading to the breakdown the structure of TC. However, since the addition of EDTA to the reaction 509 

had little effect on the photocatalytic activity of PMF, photogenerated e- do not appear to play a 510 

significant role in this reaction. This was expected as ROS generation takes place at the surface of 511 

the material and PANI exhibits p-type semiconducting properties when paired with MoO3, making 512 

holes the more probable reactive species in the initiation of the photodegradative process. 513 
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Figure 6: a) Effect of the addition of ROS scavengers on PMF TC removal where TC alone was 515 

used as a control and b) Singlet oxygen determination from FFA production by PMF in the light 516 

and dark. 517 

 518 
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 519 
Figure 7: Potential mechanism of photocatalytic degradation of TC by PMF 520 

 521 

4. Conclusion 522 

In the investigation of PANI coated magnetic MoO3 for photocatalysis of TC, the effect of the 523 

PANI coating on photocatalytic activity and dissolution were determined. The conductive and 524 

stabilization capabilities of PANI allowed for the reduction of dissolution and improvement in 525 

photocatalytic activity of the magnetic MoO3. While PANI increased photocatalytic activity in pH 526 

3 through pH 10 solutions, in pH 7 and above, a reduction of TC degradation was observed, likely 527 

due to the loss of conductivity as PANI transitions from its emeraldine salt to emeraldine base 528 

forms. At the optimal solution conditions (pH 5, 500 ppm PMF concentration, and an initial TC 529 

concentration of 5 ppm), the PMF material improved photocatalytic activity by more than 20% 530 

when exposed to visible light for 30 minutes. The primary reactive species responsible for TC 531 

degradation were likely the superoxide anion and hydroxyl radical. Their generation hinged on the 532 
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production of photogenerated holes by the material and subsequent ability to oxidize water 533 

molecules and continue the oxidation process until the formation of superoxide anions and 534 

hydroxyl radicals. Given the type of ROS produced, a likely mechanism of TC photodegradation 535 

involves cleavage of the -NH and -CO group, ring opening, and breakdown of the smaller 536 

molecules generated. The lack of direct involvement of photoexcited electrons in ROS generation 537 

was attributed to heterojunction formation and the role of PANI as the p-type material of the p-n 538 

semiconductor. Furthermore, the MoO3 material was stabilized via the considerable reduction in 539 

its dissolution across the pH range tested (pH 3 to 10) once coated with PANI. While substantial 540 

TC removal and photodegradation within 30 minutes was demonstrated, the solution had optimal 541 

conditions. To truly assess the usability of PMF in water treatment, additional studies must be 542 

conducted examining the photodegradative ability of the material when in complex solutions 543 

(multiple contaminants, ions, organic matter, among other substances) as well as the reusability of 544 

the material. However, this study effectively provides an initial assessment of the material and 545 

elucidates its potential photodegradation mechanism.  546 

 547 
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