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Abstract 

In this paper, a Reed-based composite (R) beads, combined with photocatalysis, for 

the oxidative degradation of fluoroquinolones ciprofloxacin (CIP) in simulated hospital 

wastewater was developed. It is well known that hospital effluents present very 

diluted pollution (less than 5 mg/L),  The first purpose, which concerns the first step 

to treat CIP solution (4 mg/L) via adsorption on (R) beads in continuous column 

system. The second aim was to regenerate the material for the simultaneous R reuse 

and CIP desorption in a low volume of a highly concentrated solution (≈30 mg/L). The 

third purpose was to degrade the concentrated solution of antibiotic using continuous 

and batch photocatalytic reactors. After CIP uptake on R-beads, two acid solutions 
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were investigated for the regeneration step. Indeed desorption process was 

investigated using acetic acid (0.1 M) and hydrochloric acid (0.1 M) as eluents, 

leading to a highly concentrated CIP solution (≈30 mg/L) compared to the feed 

solution (4 mg/L). Consequently, these results provide new study into the application 

of sequential combination to effectively mineralize antibiotics with continuous 

treatment.  

Keywords: Reed-based composite (R) beads; Adsorption; regeneration; 

photocatalysis; Antibiotic removal. 

1 Introduction 

Recently, the pharmaceutical industries development and the increasing production 

of several antibiotics have resulted in the discharge of a large amount of hospital 

effluents into the water environment  ]1[ . Ciprofloxacin (CIP) is one of the most used 

synthetic antibiotics. Because of its antibacterial activity, CIP is excessively applied to 

clinical medical treatment [2]. This antibiotic is broadly present in water sources 

owing to incomplete metabolism in humans, or coming from effluents of drug 

production industries [3]. CIP is not easily biodegradable [4]. However, owing to its 

recalcitrant character to microbial degradation, CIP is frequently detected in aquatic 

environment, often at low concentration [2]. The CIP concentration has been 

measured in wastewater influents, effluents and streams to be less than 1 µg/L. 

However, higher CIP concentrations have been found in hospitals effluents (between 

3 and 87 µg/L), and drug manufacturers (31 mg/L) [5]. 

It is well-known that hospital effluents present very diluted pollution. Conventional 

treatment using a single process such as photocatalysis or adsorption will not be 

effective of a continuous removal. 



Many previous studies deal with CIP concentrated solutions removal, including 

adsorption [5], photodegradation [2], oxidation [6], electro-Fenton [7] and ozonation 

processes  [8]. The complexity of treatment is linked to the specificity of the CIP 

effluent, which are characterized by large volumes at low concentrations of 

antibiotics. The primary idea of the present study was to concentrate this effluent in a 

small volume, which can be then easily and efficiently treated by advanced-oxidation-

processes (PAO) like photocatalysis. This should allow a significant mass transfer 

between the bulk and the catalyst phases inducing efficient oxidation 

Antibiotic has several toxic effects on human being, such as vomiting, leucopenia and 

stomatitis [9]. Therefore, its amount in wastewater must be reduced to an admissible 

level before being spilled in drainage system. There is a lack of studies carried out on 

the CIP removal, when compared with other antibiotics. CIP structure has a planar 

configuration as illustrated in Fig. S1. The values of pKa for CIP are 5.90 ± 0.15 

(carboxylic acid group) and 8.89 ± 0.11 (basic-N-moiety) [10]. Consequently, CIP 

molecules can have an anionic, zwitterionic and cationic form, depending on the 

water pH value, (Fig. S1) [5].  

The current trend is to move towards a combined system. The idea is that the 

adsorption part pollution scavenging in small volume and the photocatalysis ensured 

a treatment of a concentrated solution issued form adsorption part. It is noted that 

photocatalysis exhibits weaknesses during the diluted-solutions treatment because of 

the limitation of pollutant transfer of the material from the liquid-phase to the particles 

of titanium dioxide. Thus, treating concentrated solution can be interesting with 

photocatalysis process [11]. 



In this work, synergetic loading-regeneration-photocatalysis, was performed to 

eliminate CIP existing in wastewater at low concentration. The loading step took 

place in two phases. The first one consisted in antibiotic removal from the effluent. It 

was performed in column, using Reed (Phragmites australis) lignocellulosic material, 

as an invasive plant that is found extensively in wet area in the Gabes region 

(Tunisia). The second step, the regeneration process, was then realized to recover 

the eliminated CIP in a highly concentrated solution. The third step of the process 

was the photocatalysis of the CIP contained in this latter solution. To our knowledge, 

no sequential combination between a desorption process based on low-cost material 

with an oxidation process was investigated for the continuous treatment of antibiotics. 

2 Materials and Methods 

2.1 Chemicals 

Ciprofloxacin (C17H18FN3O3, wt=331.34 g/mol) and 1-Butyl-3-methylimidazolium 

chlorides (BMIMCl) were respectively purchased from Sigma Aldrich and abcr GmbH 

and used without supplementary purification. Stock solution of CIP (50 mg/L) was 

prepared by mixing 50 mg of antibiotic and 1 L of ultra-pure water. Then, the working 

concentrations were daily prepared by suitable dilution. Ultra-pure water was utilized 

during the investigation. 

2.2 Bio-beads preparation  

To eliminate the antibiotic from wastewater, lignocellulosic biocomposite beads 

(referred to as R) may be prepared using reed, which is an invasive plant that is 

found extensively in marshes in the Gabes region (Tunisia). The biocomposite 

synthesis protocol is inspired by the Karoui et al.’s protocol [12], as follows: the reed 



was cleaned, dried and sieved so as to prepare the reed powder. R-beads are 

composites of equal quantities of two compounds (R1 and R2). On the one hand, the 

reed powder was treated using an orthophosphoric acid (H3PO4) solution (1 M). The 

obtained mixture was neutralized until pH = 7.0 ± 0.1, and the dough was carbonized 

at 250 °C to obtain the first compound (R1). On the other hand, the reed was 

dissolved in BMIMCl to obtain R2, then the R1 was added [12,13]. The homogeneous 

and viscous obtained mixture was added dropwise into a distilled water bath using a 

3 mm diameter pipette. 

The obtained beads were then rinsed with distilled water until disappearance of 

BMIMCl (control made by pH and conductivity measurements). Finally, the beads 

were frozen at T= -17 °C, to prepare them for lyophilization. The synthesized R-

beads were stocked in desiccators for further use. 

2.3 Characterization methods 

Fourier-Transform-Infrared Spectroscopy (FTIR) was performed to define the 

chemical compositions of R-beads and the catalyst. The changes in the surface 

chemistry of R, after the CIP uptake, and that of the TiO2 catalyst after 

photodegradation were also examined by FTIR. PerkinElmer, USA, Spectrum Two 

FTIR spectrometer with an Attenuated-Total-Reflectance (ATR) crystal accessory 

(diamond) was utilized to obtain all spectra. For each spectrum, four scans were 

carried out at a resolution of 2 cm−1 with the wave-number range from 4000 to 450 

cm−1. Measurements were performed by a Deuterated-Glycine-Sulfate (DTGS) 

detector. 

The characterization of surface morphologies of R-beads and the catalyst before and 

after treatments was performed using Scanning-Electron-Microscopy (SEM, IT 300). 



2.4 Analytical methods 

The quantification of CIP in the solutions was performed by an UV-visible 

spectrophotometry (Cary 50 probe, Varian) at 273 nm.  

The percentage antibiotic removal (%R) and the loaded amount onto the R-beads at 

equilibrium (qe) were calculated using Eq. (1) and Eq. (2), respectively [14]. 
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Where C0 and Ce are the initial and the equilibrium concentrations (mg/L), 

respectively. V is the solution volume (L). m is the mass of R (g). 

The organic matter in suspensions was quantified by a Shimadzu A-200 Total-

Organic-Carbon (TOC) analyzer (Tokyo, Japan). 

The percentage of TOC removal (%TOC) during the photo-degradation was 

calculated using the following equation [1] : 
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Where, TOC0 and TOCt are the organic content (mg/L) in initial state and at time t, 

respectively.  

The desorption efficiency was determined using Eq. (4) 

desorption efficiency =  
#$%&'( %) *+,%-+*+. /01

#$%&'( %) +23$3'4(+. /01
× 100                                               (4) 

2.5 Uptake process 



The CIP uptake from wastewater was performed in a fixed-bed column. Fig. S2 

shows the schematic model of the experimental semi-pilot. The height and the 

internal diameter of the used bed were 0.12 m and 3 cm, respectively. An amount of 

6 g of R-beads was packed up in the fixed-bed, which was mounted vertically. Grids 

were placed at the top and the bottom end of the bed to keep the R-beads inside the 

column. A CIP solution was passed through the column after fixing the flow rate. The 

pump (Cole-Parmer, Illinois, USA) was used to control the flow rate and facilitate the 

liquid flow through the fixed-bed. The effect of the feed-concentration and that of the 

flow-rate on the CIP removal were studied. All experiments were performed at room 

temperature (20 ±1 °C) and the natural CIP pH, 7.32. 

2.6 Regeneration Step 

The continuous desorption experiments were performed in the same semi-pilot (Fig. 

S2) by replacing the CIP with the eluent. In this work, two eluents were used, which 

were acetic acid (CH3COOH, 0.1M) and hydrochloric acid (HCl, 0.1M). Experiments 

were released at T = 20 ±1 °C and with flow-rate of 1 L/h. The recovered solutions 

obtained using acetic acid (RS-AA) and hydrochloric acid (RS-HA) were then treated 

by photocatalysis. 

2.7 Photocatalytic treatment  

For photocatalysis experiments, titanium dioxide (TiO2) deposited on cellulosic paper 

was utilized as a catalyst. The preparation procedure of this catalyst was already 

described by Assadi et al. [15]. A dry mixture of 50 wt% TiO2 nanoparticles (PC500, 

Millennium) and 50 wt% colloidal silica was suspended in ultrapure water. A 

suspension composed of 40% dry powder and 60% ultrapure water was prepared to 

ensure the coating of 13 g/m2 of dry TiO2 on the cellulosic support. The press was 



utilized to impregnate the paper with the suspension. Then, the obtained cellulosic 

paper was dried in an oven at T=105 °C and then stored in rolls for ulterior use. 

The antibiotic photocatalytic degradation was performed in continuous using a falling 

film reactor (Fig. S3) and in batch reactor (Fig. S4). Indeed Fig. S3 shows the used 

semi-pilot, which consisted in a six steps stainless steel falling film photoreactor. The 

presence of 6 steps of staircase allows increasing the surface catalytic material 

surface and improves the oxygenation of the treated solution. In fact, the catalytic film 

geometry allows increasing the exchange surface between the antibiotic solution and 

the air; consequently, the oxygen transfer in the liquid-phase increases. A catalyst of 

0.20 m2 (78 cm*26 cm) surface was used. Three UV-A lamps (36 mW/cm2, Philips 

Netherlands), placed under the lid, delivered a spectral emission at a wavelength of 

365 nm for each lamp. The recovered CIP solution was introduced in a glass vessel 

of volume 2 L. The peristaltic electro pump was utilized to inject the solution from the 

solution tank, under continuous stirring. A thin liquid film on the TiO2 catalyst 

generates a low UV light absorption. The effect of the flow-rate and that of the UV-

light-intensity on the CIP degradation were examined. Moreover, CIP degradation in 

batch reactor (Fig. S4) was carried out in a glass reactor of 1L capacity, in the 

presence of an UV-A lamp (12 mW/cm2, Philips Netherlands), with a spectral 

emission of 365 nm. For each experiment, 1 L of recovered CIP wastewater and 0.05 

m2 of catalytic material (31.5 cm x 16 cm) surface were added in the reactor. The 

tube containing the lamp was immersed in the middle of the reaction solution.  

3 Results and Discussion  

3.1 Characterization of the materials 



The baseline and the normalization of spectra of R before and after CIP uptake were 

performed using Origin 8.5 software (Fig. 1). The broad band of C–H and O–H 

stretching vibrations within the 3650-3000 cm−1 region observed in both spectra 

showed the principal functional groups found in lignocellulosic materials [16]. An 

increase of these peaks intensities was observed after CIP uptake. This can be 

related to the presence of C–H, O–H and N-H groups in the CIP molecules. The 

signal at 2920 cm−1 can be related to symmetric C-H vibrations in cellulose and 

hemicelluloses [17]. The observed peak at 2850 cm−1 was due to C-H stretching in 

lignin [18]. Both spectra show another intense peak at 1711 cm-1, which was related 

to the C=O and CO2 elongation vibration, and would be obtained by transformation of 

ketones, phenols, ether, esters and/or aromatic carboxylic groups [19]. The signal 

within 1580-1620 cm-1 in the two spectra can be attributed to C=C in plane aromatic 

vibrations, and C=N bond [20], indicating the CIP presence. Moreover, lignin showed 

characteristic band within 1517-1505 cm−1 originating from C=C aromatic vibration. 

After CIP uptake, an increase in intensities of peaks at 1711, 1600, 1517-1505 cm-1 

was observed. This can be related to the presence of C=O elongation and C=C 

aromatic vibrations, which confirms the CIP adsorption on R-particles. Similarly, after 

CIP uptake, increase of intensities of bands at 1372 cm-1, 1315 cm-1 and 1229 cm-1 

assigned to the C-C deformation, O-H and CH2 stretching and C-C band respectively, 

were observed [21,22]. 

After CIP uptake on the R surface, the bands at 1454 cm-1 and 1232 cm-1, associated 

to the C-H deformation vibrations [23] and C-O bonds [24] shifted to 1457 cm-1 and 

1237 cm-1, with an increase in peaks intensities, respectively. Similarly, the band at 

1046 cm-1 and 898 cm-1 related to the C-F bond, C-O-C bond [25] of the cyclic 

alcohol of cellulose and C-H deformation vibrations of cellulose switched to 1041 cm-



1 and 895 cm-1, respectively, with a slight increase in peaks intensities. The observed 

band shifts and transmittance increase can be explained by the formation of 

intermolecular hydrogen-bonds between particles, which would confirm the CIP 

adsorption on R-particles. Similarly, the appearance of new groups characteristic of 

the CIP molecule at 1337 cm-1 and 749-832 cm-1 in the R-CIP spectra could be 

ascribed to the N=O bond and C-H aromatic vibrations, respectively, which would 

confirm once again the presence of the CIP molecules on the R surface. 

The FTIR characterization was performed so as to emphasize the heterogeneous 

characteristic of the catalyst surface and highlight the existence of several functional 

groups such as carbonyl, hydroxyl, carboxylic and phenolic groups. After experiments 

of antibiotic degradation in different systems, (i.e., (c) CIP in ultra-pure water, (e) CIP 

in RS-AA and (f) CIP in RS-HA), photocatalysts were recovered from the reactor, and 

analyzed by FTIR (Fig. 1d, e and f). A large band observed between 3000 cm-1 and 

3600 cm-1 in the raw catalyst spectra (Fig. 1c) attributed to O-H groups, indicated the 

presence of polysaccharides and cellulose molecules on the photocatalyst surface 

[26]. Increases of this band intensities band were observed on all spectra of catalyst 

after CIP degradation in various medium. This can be related the deposition of 

antibiotic molecules and their by-products onto the catalyst surface. As was 

confirmed by [7,27,28] all CIP photocatalysis degradation by-products contain OH 

groups. By comparing the band attributed to O-H groups in the three FTIR spectra 

(Fig. 1c, d and e) of catalyst, one can observe that its intensity went up after CIP 

degradation in RS-HA (spectrum in Fig. 1f). Indeed, a higher OH band intensity on 

the latter spectrum may indicate a low CIP degradation efficiency in HA medium due 

to low by-products generation (responsible of OH band intensification).  



The raw catalyst spectra show series of peaks within 2928-2868 cm-1 representing 

the spectrum bands of C-H vibrations, indicators of methyl (-CH3) and methylene (-

CH2) groups. After CIP degradation in acid solution, this band was compressed from 

2928-2868 cm-1 to 2922-2950 cm-1 suggesting the involvement of C-H vibrations in 

the retention of CIP antibiotic molecules and their by-products [29]. In addition, this 

peak series has the lowest intensity in the FTIR spectrum (Fig. 1d). In fact, a lower C-

H band intensity on the latter spectrum may indicate a high CIP degradation 

efficiency in ultra-pure water medium. 

Carbonyl (C=O) stretch were recorded at 1734 cm-1, corresponding to aldehyde and 

ester groups. An increase of this band intensity was observed in the FTIR spectrum 

in (Fig. 1e). This can be related to the fixation of antibiotic molecules onto the catalyst 

surface. Indeed, a higher C=O band intensity on the latter spectrum may indicate a 

low CIP degradation efficiency in AA medium compared to CIP degradation efficiency 

in ultra-pure water due to low by-products generation (responsible of C=O band 

intensification). Decrease of the intensity of C=O band at 1734 cm-1 was observed in 

spectra in ultra-pure water (Fig. 1d), which could be attributed to the neutralization of 

the functional groups, and their involvement in the fixation of antibiotic molecules. 

The carboxylic (COO-) stretching characterizing primary and secondary alcohols, 

ether and aliphatic groups were observed at 1635 cm-1 [30]. Decreases of this peak 

intensities were observed on the three FTIR spectra of catalyst after CIP degradation. 

This may be related to the transformation of COO- groups to CO2 groups according to 

the photo-kolbe reaction [31]. The same signal was observed in the spectra in Fig. 

1d, with higher intensity, and in Fig. 1e, with lower intensity caused by the 

neutralization of the functional groups, and their potential involvement in the antibiotic 

molecules uptake onto the catalyst surface. Ester stretching (C-O) were found 



between 1370 cm-1 and 1313 cm-1 [29]. The spectra of catalyst after CIP degradation 

in RS-AA solution shows an increase of intensity of the C-O peaks, confirming the 

presence of C-O groups, which would suggest the CIP antibiotic uptake onto the 

catalyst surface. The observed stretching at 1057 cm-1 and 896 cm-1 represented the 

C-O-C bond of the cyclic alcohol of cellulose  [32]. An increase in the C-O peak was 

observed in the spectra of catalyst after CIP degradation in ultrapure-water (Fig. 1d) 

and RS-AA (Fig. 1e), through the shifts from 1057 cm-1 to 1059 cm-1 and to 1053 cm-1 

respectively. In addition, FTIR curve of the TiO2 catalyst after antibiotic injection in 

RS-HA showed a transmittance increase at 1057 cm-1. The same behavior was 

noticed after CIP degradation in various solutions, for C-O-C groups at 896 cm-1. The 

band deviations confirmed the involvement of functional groups in the retention of 

CIP by-product antibiotic. Peak at 796 cm-1 is often attributed to amine groups [33]. A 

transmittance increase was observed at 796 cm-1 in the spectrum in Fig. 1f, 

confirming the presence of CIP by-products on the catalyst surface. 

Ester stretching (C-O) were found between 1370 cm-1 and 1313 cm-1 [29]. The 

spectra of catalyst after CIP degradation in RS-AA (Fig. 1e) solution shows an 

increase of intensity of the C-O peaks, which would suggest the deposition onto the 

TiO2 catalyst surface of photocatalytic by-products of the CIP molecules.  

  



Fig.1a Fig.1b 

 

Fig.1c 

 

Fig.1d 

 

Fig.1e 

 

Fig.1f 

Fig. 1. FTIR curves of (a) R-beads and (b) R-beads loaded with CIP; FTIR curves of 

(c) Raw catalyst and catalyst after photodegradation of CIP in (d) ultra-pure water, (e) 

RS-AA and (f) RS-HA. 

Figures 2a, b, c and d show the porosity of R surface through SEM micrographs of R 

surface before and after antibiotic uptake. Fig. 2a-b exhibits a clear sight of the pores 

at R surface. Similarly, the SEM micrograph of R revealed a porous and rough 

surface and an irregular structure. The surface morphology of R appeared to have an 

uneven-structure and porous-cavities. With these features the surface morphology of 

R can be deemed very-adequate as an active-site for the CIP contaminant. However, 

the SEM micrograph of R-CIP beads (Fig. 2c-d), shows that many particles were 



dispersed on the beads surface, which was ascribed to the coverage of R surfaces 

by CIP molecular species. In addition, Fig. 2c-d discloses that the clear pore textural 

structure is not observed on the surface of R after adsorption process which could be 

due to the incursion of CIP molecular species into the pores of R [34]. Figures 2e, f, g 

and h illustrate the porosity surface of the used catalyst through SEM images. SEM 

imaging of raw catalyst (Fig. 2e) showed that this photocatalyst is characterized by 

an important porosity, which allows pollutants molecules to be adsorbed onto its 

surface. Moreover, SEM images an equal distribution of TiO2 powder on the 

cellulosic paper surface which would permits a homogeneous liberation of free 

oxidizing radicals on the catalytic surface under UV-radiation. After aqueous-

solutions of CIP inlet, SEM images presented a homogeneous morphologies with 

equal partition of spheres proving the CIP antibiotic molecules deposition onto the 

catalyst [29] (Fig. 2f, g, h). Besides, the SEM micrograph of catalyst after CIP 

degradation, showed that the surface became rougher compared to catalyst surface 

morphology, indicating the disposition of CIP molecular species and their degradation 

by-products on the surface.  

Fig.2a Fig.2b 



Fig.2c Fig.2d 

Fig.2e Fig.2.f 

Fig.2g Fig.2h 

Fig. 2. SEM images of R surface: (a-b) SEM images of R before uptake, (c-d) SEM 

images of R after CIP uptake; SEM images of the catalyst: (e) raw catalyst, (f) 

catalyst after CIP photodegradation in ultra-pure water, (g) catalyst after CIP 

photodegradation in RS-AA, (h) catalyst after CIP photodegradation in RS-HA . 



Moreover, the chemical-composition of the photocatalyst before and after 

degradation was studied by EDX analysis from which the presence of Al, Ti, Si, O, 

and C in the samples was confirmed (Fig. S5a-d). The Al peak observed in the EDX-

pattern is related to aluminum coated for SEM image acquisition. The Ti and Si peaks 

observed in the EDX-patterns are related to catalyst surface, which is a titanium 

dioxide (TiO2) deposited on cellulosic paper. This catalyst was prepared from a dry 

mixture of 50 wt% TiO2 nanoparticles and 50 wt% colloidal silica. In the Fig. S5 (EDX 

analysis) C and O are the dominant elements throughout the photocatalyst surface 

with weight percentages of 27.58% and 50.37%, respectively for the raw catalyst 

(Table 1).  

Element Weight (%) 

Raw 

catalyst 

Catalyst after CIP 

degradation in 

ultrapure-water 

Catalyst after CIP 

degradation in RS-AA 

Catalyst after CIP 

degradation in RS-

HA 

Al 0.93 0.41 1.68 - 

C 27.58 27.41 24.25 24.99 

O 50.37 50.65 50.90 52.13 

Si 11.69 12.56 12.68 12.93 

Ti 9.43 8.97 10.49 9.95 

Table. 1 Elemental compositions of catalysts obtained by EDX 

The weight percentage of Carbon in the photocatalyst surface decreases to be 27.41, 

24.25 and 24.99% (Table 1) after CIP degradation in ultrapure water, in RS-AA and 

RS-HA suggesting the involvement of Carbon atoms in the retention of CIP 

molecules and their by-products. This finding is in good agreement with the FTIR 

results. 



3.2 CIP elimination 

3.2.1 Effect of the flow-rate 

The CIP removal in column was studied with various flow-rates in the range of 0.5-3 

L/h, as illustrated in Fig. 3a. For the six flow rates, the percentages CIP removal was 

determined, by passing 1.5 L of antibiotic solution with a concentration of 4 mg/L 

through the fixed-bed during 1.5 h. The removal percentage decreased from 91.62 % 

to 55.07 %, and the number of recycling cycles increased from 0.5 to 3, as the flow-

rate increases from 0.5 to 3L/h, respectively. This result proves that the efficiency of 

the CIP removal process decreased with the increasing of flow-rates, which can be 

related to the presence of more non-saturated active site. Moreover, the increase of 

flow-rate should allow more turbulence on the fixed bed surface, reducing the 

resistance to the external mass-transfer of CIP. In addition, the recycling cycles 

number decreased at lower flow-rate [35].  

3.2.2 Effect of the feed concentration 

To study the effect of the CIP antibiotic concentration on the elimination process, 

various inlet initial CIP concentrations from 4 to 8 mg/L were investigated with the 

same flow-rate of 1 L/h and a volume of 1.5 L of CIP solution. The initial CIP 

concentration had an important influence on the CIP removal capacity as illustrated in 

Fig. 3b. The eliminated amount of antibiotic increased from 0.76 to 1.52 mg/g as the 

initial feed concentration of CIP increased from 4 to 8 mg/L, respectively. This result 

proves that the change of concentration-gradient can affect the saturation rate, the 

breakthrough time and the diffusion procedure. The CIP loading rate increased with 

increasing the feed concentration, due to a decrease of the mass-transfer force for a 

fixed sorption bed length [36]. In addition, the high feed concentration of antibiotic 



provides the concentration-gradient for the mass-transfer process and hence a higher 

amount of antibiotic can be eliminated from the solution, resulting in an increasing of 

the breakthrough time. Moreover, a higher concentration-gradient engenders an 

increase in the diffusion coefficient and leads to a faster transport of CIP from the 

antibiotic on the R-beads and an earlier breakthrough time. Therefore, higher column 

performances can be reached for higher initial concentration in the solution [37]. 

However, in this work the subsequent-experiments were performed with an initial CIP 

concentration of 4 mg/L for the simple reason that the CIP concentration in 

wastewater is very low. 

Fig.3a Fig.3b 

Fig. 3. (a) Effect of the flow-rate on the CIP removal (CIP initial concentration = 4 

mg/L Time = 1.5 h, Volume = 1.5 L); (b) Effect of the feed-concentration on the CIP 

removal (flow rate = 1 L/h Time = 1.5 h, Volume = 1.5 L) 

3.2.3 Column removal capacity 

During the experiments, the feed-concentration and the flow-rate were maintained at 

constant values of 1 L/h and 4 mg/L, respectively. Fig. S6 shows the obtained 

breakthrough-curves for two cycles. Table 2 illustrates the column uptake capacity at 



100% breakthrough for CIP on the R-beads for two cycles. The breakthrough was 

calculated using the following equation: 

Breakthrough (%) =  
/

/<
× 100                                                                                (5) 

where Ci and C are the inlet and the outlet concentrations of antibiotic (mg/L), 

respectively. 100% of breakthrough means that C=Ci; thus the material saturation 

was reached.   

100% breakthrough  (C=C0) First cycle Second cycle 

qe (mg/g) 59.92 27.89 

Volume of treated solution (L) 164 99 

Table. 2 Experimental data for column parameters calculated at inlet-concentration of 

4 mg/L, and flow-rate of 1 L/h, for two cycles. 

The column capacity for CIP uptake for a column height of 0.12 m and for 100% 

breakthrough were found to be 59.92 mg/g and 27.89 mg/g for the first and the 

second cycle, respectively. The R-beads and the used column led to the CIP removal 

from a solution volume of 164 L and 99 L for the first and the second cycle, 

respectively. 

The pHpzc of R-beads is 4.8. The removal experiments were released at the natural 

pH of CIP, which was equal to 7.32. At this pH, the CIP exists in a zwitterionic form 

(CIP+-, Fig. S1.) and the R-material is negatively-charged. The CIP elimination 

phenomenon resulted therefore from the electrostatic attraction between the 

antibiotic and the R-beads surface, explained the high uptake efficiency. In addition, 

the CIP uptake may be controlled by hydrophobic interactions and/or the π-π 

stacking interaction. 



3.3 Regeneration study 

The cost effectiveness of a material depends on its reusability, which reduces the 

cost of the uptake process. The loading and regeneration cycles were repeated two 

times. To recover the CIP, desorption-experiments were performed using acetic acid 

(0.1 M) and hydrochloric acid (0.1 M) solutions for the first and the second cycle, 

respectively. Using CH3COOH and HCl, up to 61.74% and 48.41% of the CIP were 

recovered from the loaded biocomposite beads, respectively, after 33 hours (Fig. 4). 

The reuse of the R-beads confirms that the process is economical and efficient. The 

desorption efficiency by CH3COOH and/or HCl can be explained by the electrostatic 

repulsion between the R-beads (pHzpc=4.8) and the CIP-molecules which were both 

positively-charged in acidic solution [38]. 

 

Fig. 4.  Kinetics of desorption 

Using the loading-regeneration process, solutions of 31.71 mg/L and 29.52 mg/L 

were recovered, for the first and the second cycle, respectively. Acetic acid and/or 



hydrochloric acid as eluent allowed the simultaneous regeneration of the material 

and the desorption of the CIP antibiotic in a highly concentrated solution (≈30 mg/L) 

compared to the feed solution (4 mg/L). The recovered solutions obtained using 

acetic acid (RS-AA) and hydrochloric acid (RS-HA) were then treated by 

photocatalysis. It is therefore clear that the loading-regeneration process allowed 

generating solutions of volume 7 L and 5 L instead of solutions of volume 164 L and 

99 L. 

3.4 Photocatalysis degradation: Continuous mode 

3.4.1 Effect of the flow-rate 

Photodegradation of the CIP contained in the RS-AA solution was investigated in the 

falling-film closed loop step photoreactor at pilot scale. Here the photocatalytic-

performance was investigated at various flow-rates. The RS-AA solution was chosen, 

owing to the high amount of solution available (7 L – see 3.3). The examined flow-

rates of the effluent were 47, 80, and 102 L/h. Figure. 5. shows the influence of the 

effluent flow-rate on the CIP degradation and mineralization. It can be seen that the 

flow-rate had only a slight but signification impact on the mineralization; while the 

impact on the degradation yield appeared almost negligible. At higher flow-rate, two 

phenomena may happen; the improvement of the mass-transfer and the reduction of 

the residence time. Consequently, the overall kinetics reaction would thus be 

completely controlled by the mass transfer step [39]. Therefore, this behavior can be 

explained by the fact that when the water film is thin, oxygen adsorption onto the 

catalytic surface leading to reactive-oxygen-species (ROS) generation is improved. 

Moreover, this technology of falling-film enhances the photon entering into the 

interface between the two phases leading to more e/hole formation. 



 

Fig. 5a 

 

Fig.5b 

Fig. 5. Effect of the flow-rate on (a) CIP degradation and (b) TOC removal (C0≈30 

mg/L). 

Figure. S7. Shows the comparaison of kinetic of desorption and that of 

photodegradation. It was observed that the photodegradation process (4 hours) is 

faster than the desorption process (33 hours), which confirm the efficiency of 

photodegradation process. 

3.4.2 Effect of UV-light intensity   

Heterogeneous degradation of the CIP contained in the RS-HA solution was 

performed in the falling-film closed loop step photoreactor under various UV-light 

intensities. The examined intensities were 12 mW/cm2 using one lamp and 36 

mW/cm2 using three lamps. Figure. S8. shows the removal capacity dependency on 

the light irradiation intensity. Accordingly, it is known that UV-light intensity is an 

important factor for the application of TiO2 photocatalytic method for cleaning 

wastewater [40]. The results indicated that an increase in the irradiation intensity 

enhanced the antibiotic removal. Under higher UV-light intensity, the formation of 

electron–hole is predominant, and hence the recombination of electron–hole is 



negligible. While, at low light intensity, it is well known that there is competition 

between separation and recombination of electron–hole pair, which decreases the 

free radicals formation and the photodegradation efficiency of antibiotic [41]. 

3.5 Suggested mechanism of the CIP degradation  

3.5.1 Effect of chemical composition of the irradiated matrices (pH): Batch 

mode 

To study the influence of the composition of the reaction-medium, CIP photocatalysis 

experiments, in the presence of the same concentration of TiO2, were carried out in 

ultrapure-water (as model matrix), tap-water (as consumed water), recovered solution 

by acetic acid (CIP in RS-AA) and recovered solution by hydrochloric acid (CIP in 

RS-HA). The results illustrated in Fig. 6a-b proved that the efficiency of the catalytic 

process is affected by the physicochemical quality of the dilution matrices. Indeed, 

CIP was degraded more rapidly in ultrapure-water than in tap-water and recovered 

solutions.  

 

Fig.6a 

 

Fig.6b 

Fig. 6.  (a) CIP degradation and (b) TOC removal, as a function of the reaction time 

for various solutions (C0≈30mg/L). 



The low decrease in photodegradation efficiency of antibiotic in tap-water (CIP R% = 

92.97, TOC R% = 64.56) compared to CIP in ultra-pure water (CIP R% = 96.97, TOC 

R% = 65.12) was probably due to the high concentration of bicarbonate ions (HCO3-) 

in tap water which act as radical traps. Abundant HCO3-/CO32- ions in tap water or 

organic material can trap HO. radicals or attach to holes h+ [42]. There is 

consequently a competition between the carbonates and CIP molecules to trap the 

hydroxyl radicals. This may reduce the photocatalytic activity and decrease the 

degradation rate of antibiotic as organic molecules [43]. 

The decrease in the photodegradation efficiency of antibiotic in acetic acid and 

hydrochloric acid were (CIP R% = 85.41, TOC R% = 19.25) and (CIP R% = 67.00, 

TOC R% = 7.22) respectively, may be caused by the pH effect. This finding confirms 

our previous interpretation of FTIR spectrum. In fact, pH of irradiated solution is one 

of the parameters that greatly affect the photodegradation rate, because the TiO2 

surface-charge depends on the change of solution pH. The pH values of CIP-

ultrapure water, RS-AA and RS-HA were found to be 7.32, 2.99 and 1.03, 

respectively. Figure. 6 show that the photodegradation efficiency of antibiotic 

decreased with decreasing in solution pH. Hu et al indicated that the point of zero 

charge (pHpzc) for TiO2 is between 6.25 and 6.50 [44,45]. The surface of TiO2 is 

therefore positively charged (TiOH2+) in acidic solutions and negatively charged (TiO-

) in alkaline solutions. Consequently, the low antibiotic and TOC removals in the 

recovered solutions can be related to the electrostatic repulsion between the 

antibiotic and the catalyst surface, which are positively charged. In addition, the 

higher photodegradation rate at higher pH may be related to more efficient 

generation of hydroxyl-radicals by TiO2 with increasing concentration of OH−. At the 



alkaline pH values, the hydroxyl-radicals have to diffuse away and degrade the 

antibiotic in the solution [44]. 

3.5.2 Suggested mechanism of the CIP removal under UV/TiO2 

Under irradiation light with higher energy (hʋ) than band gaps (Eg = 3.2 eV), the 

electrons of TiO2 surface are excited to the conductive-band, leaving holes in the 

valence-band. OH. radicals, formed by reaction between h+ holes and electron 

donors, are well known as a strong oxidant which can decompose the CIP, as 

organic compound, at ambient temperature, as illustrated in the suggested 

mechanism in Scheme. 1. This mechanism can be described also as follow [46]: 

TiO2 +  ℎʋ  →  @� +  ℎB                                                                                            (R.1)                            

ℎB+ CD�EFG → �H�D+ �CEFG
. .+ CB                                                                            (R.2)        

ℎB+ �CEFG
�  → �H�D+ �CEFG

. .                                                                                     (R.3)       

In the RS-AA solution, the h+ holes can interact with the ����group of acetic acid, 

according to the photo-kolbe reaction [31]: 

�H�D(ℎ)B+ ����� →  �.  +  ��D                                                                              (R.4)                  

It was also reported that the interaction between the  @� electrons and the dioxygen 

can form oxygen superoxide radicals, as follows [47]: 

�D + @�  →  �D
.�                                                                                                       (R.5) 

�D
.� + CB → C�D

.                                                                                                       (R.6) 

2C�D
. → CD�D + �D                                                                                                  (R.7) 

CD�D + @�  → �C. +  �C�                                                                                        (R.8) 



CD�D + ℎʋ  → 2�C.                                                                                                 (R.9) 

The mentioned mechanisms may reduce the catalytic activity. 

In tap water, there is a competition between the carbonates and the CIP antibiotic 

molecules to trap the hydroxyl radicals, as indicated in the following reactions [48]: 

HCON
� +  OH. →  CON

�. +  HDO                                                                                 (R.10) 

CON
D� +  OH . →  CON

�. + OH�                                                                                  (R.11) 

CIP + OH. →  Oxidized CIP +  OH�                                                                        (R.12) 

The mentioned mechanisms may decrease the degradation rate of organic 

molecules, including the CIP compound [43]. 

 

Scheme 1. Proposed photodegradation mechanism of CIP under UV/TiO2 in various 

solutions. 

4 Conclusion 



In this work, new biocomposite beads based on lignocellulosic reed materials (R), as 

enhanced biomaterial, were utilized for the CIP removal from simulated of hospital 

effluent. The FTIR and SEM analysis of R showed the surface homogeneity. In fact, it 

was found that R was made of cellulose, hemicelluloses and lignin, which indicate 

their potential to remove antibiotic pollutant. In addition, elimination-experiments were 

performed to remove the antibiotic from low concentration solution (4 mg/L), using a 

fixed bed column. This process was efficient to treat wastewater in view of its 

simplicity, its high efficiency and since it is eco-friendly. Secondly, desorption study 

allowed the simultaneous regeneration/reuse of the material and the desorption of 

the CIP antibiotic in a highly concentrated solution. A CIP solution of almost 30 mg/L 

was obtained. Thirdly, recovered CIP solutions were well treated with semi-pilot 

photocatalytic falling film reactor. In this light, the results of this study (i) highlight the 

potential application of new biocomposites for antibiotic uptake (ii) the development 

of innovative sequential combination as cost-effective water technologies that can be 

employed to overcome the practical barriers to remove antibiotics from hospital 

effluents 
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