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ABSTRACT

The present work investigates the photocatalytigraldation efficiency of biorecalcitrant
macrolide antibiotics in a circulating tubular pbi@actor. As target pollutants, spiramycin
and tylosin were considered in this study. The ptezctor leads to use an immobilized
titanium dioxide on non-woven paper under artificldV-lamp irradiation. Maximum
removal efficiency was achieved at the optimum @mas of natural pH, low pollutant
concentration and a 0.35 L rfifflow rate. A Langmuir-Hinshelwood (L-H) model wased

to fit experimental results and the model constamtse determined. Moreover, the total
organic carbon analysis reveals that spiramycintgodin mineralization is not complete. In
addition, the study of the residence time distidoutllowed us to investigate the flow regime
of the reactor. Electrical energy consumption faotpcatalytic degradation of macrolides
using circulating Ti@-coated paper photoreactor (CTCPP) was lower campdo some
reported photoreactors used for the eliminationplpdrmaceutic compounds. A repetitive
reuse of the immobilized catalyst was also studiedorder to check its photoactivity
performance.

Keywords:. flow regime, immobilized catalyst, Langmuir-Hiredtvood model, photocatalytic
degradation, photoreactor, waste water.
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INTRODUCTION

In recent years, recalcitrant organic pollutant©fR) in the aquatic environment, such as
antibiotics, have attracted an increasing attentioe to their nature and impacts on human
health and environment (Heberer, 2002; Michael et 2013). Their presence and
accumulation in natural waters are considered asnagrging pollution problem, leading to
the disruption of the ecosystem, the increased unmetifon in the reproduction of aquatic
species (Heberer, 2002) and possible risks to huheaith (such as allergies, endocrine
disruption and damages to the central nervous systerough drinking water and/or food-
chain (Kimmerer, 2000).

Conventional biological treatments have proveddanefficient for the removal of antibiotics

because of their complex molecular structure, higkicity and poor biodegradability

(Kimmerer, 2000). Indeed, these processes weradegigned to eliminate such kind of
pollutants. Oxidative processes appear to be efficfor the treatment of waste waters
containing pharmaceuticals (Doll and Frimmel, 200%mong them, heterogeneous
photocatalysis has emerged as a promising techimagube transformation, deactivation and
minimization of persistent organic compounds in ewatDoll and Frimmel, 2005). Such
process uses semiconductor which is activated unotteaviolet radiation, allowing the

generation of highly reactive free Okhadicals. Among the various solids, titanium di@xid
TiO, is largely employed because of its low cost anut@istability (Schiavello, 1988).

Several studies have focused on the chemical pgtharadegradation kinetics of the process,
but there have been only few reports on the desfigimotocatalytic reactors (Sahle-Demessie
et al., 2003). Reactor geometry is also a key factoliquid-phase photocatalysis which
influences the photodegradation efficiency (Paz)920 Photoreactor scale-up is a major
challenge in photochemical reaction engineeringngisidvanced oxidation process (AOP)
technologies for the degradation of ROPs in wa@hnafoori et al., 2014). Using tubular
reactor in this work, the main operating parameserh as initial pollutant concentration, pH
and the flow rate can be optimized. An immobilizianium dioxide (TiQ-coated paper) was
employed due to the practical interest of reactqerated with immobilized semiconductors
(Gholami et al., 2012; Li et al., 2015). Indeede tise of immobilized catalyst permits to
avoid tedious separation step of the particles éidet et al., 2009) and its reuse. In addition,
residence time distribution (RTD) studies were earted in order to investigate the effect of
the flow rate on pollutant removal efficiency.

Two macrolide antibiotics have been studied in thwk: spiramycin (SPM) and tylosin
(TYL). Their widespread usage and frequent detadtiothe aquatic environment highlights
the need for their removal. According to recendss, SPM is one of the most abundant
macrolide antibiotic detected in wastewaters (Mathet al., 2013). Its concentration in the
effluent of Sewage Treatment Plants has been @etdotvalues up to 0.6 ng'LSPM is
generally prescribed in the treatment of differges of infections as toxoplasmosis and
protozoan infections (Civitareale et al., 2004).LTig an antibiotic which represents 13% of
the detected drugs. Its detection limit in wastewat about 0.01 mgt(Huang et al., 2001).
TYL is a fermentation derived macrolide antibiotiwhich inhibits protein synthesis of
specific bacterial species (Elanco, 1982). It isduas feed additive in order to modulate gut
microbial flora, thus enhancing the growth ratedqgrenances in calves, cattle and poultry.



The information dealing with the removal of theseotantibiotics by heterogeneous
photocatalysis is scarce. Up to our knowledge, ntkevhave been reported on the removal of
SPM and TYL by using a tubular photoreactor witimabilized TiG.

The overall aim of this work was to (i) investigatiea pilot scale the effect of some operating
parameters on the degradation of target compoumdi€l@eck the coherence of experimental
results with L-H kinetic model; (ii) assess the eralization of the parent molecules at the
end of the reaction process; (iii) investigate tlog regime inside the reactor for different
flow rates via residence time distribution (RTD)nees; (iv) evaluate the electrical
consumption of the photoreactor system by the detettion of electrical energy per order
and (v) check the photoactivity performance ofithenobilized catalyst over nine cycles.

MATERIALSAND METHODS
Chemicals

Spiramycin (purity of 98%) was kindly offered by r&di-Aventis Company for
Pharmaceutical Industry (Algeria), and tylosinrate was obtained from commercial tylosin,
produced by Sinochem Corporation. Their chemicalcstire and properties were given in
Table 1. KHPQ,, K;HPO,, KOH and HCI used for the preparation of buffdutons were of
reagent grade and were supplied from Biochem, Cpbearma. Analytical-grade organic
solvents were used for ultra high performance tigthromatography analysis. All solutions
were prepared with distilled water (resistivityMQ cm).

Photocatalyst characteristics

The used photocatalyst medium was provided by AhistPaper Group (referenced as Media
1049). It is a commercial non-woven paper composkedellulosic fibers coated with a
mixture of TiQ (Millennium PC 500) and Sias an inorganic binder. It has a specific area
of 317 nf g', a pure anatase crystal structure and 1:1,/8i0, mass ratio (from
manufacturer data). The quantity of catalyst depdsbn the media is equal to 25.5 &.m
Addition of SiQ can increase the functionality of TiG5ilica acts as a protector between the
fibers and the titanium dioxide. Moreover, siliatransparent to UV, and resists to UV
radiation and photocatalysis (Petit et al., 200¥rhme et al., 2008).

Photoreactor and procedure

Photocatalysis experiments were carried out usicgrdinuous tubular photoreactor with a

recirculation system (Figure 1). It consists of tairdess-steel column reactor with a

cylindrical cross-section (0.62xf0m? and an internal volume equal to 1.1 L. The
photocatalyst media was placed in filtering arranget (dead-end filtration), between the

stainless-steel support and the column in botratapbottom of the reactor. The two sheets of
TiO,-coated paper (corresponding to 0.32 g of ;JiQvere renewed for each set of

experiments. The solution to be treated was punmosa an open tank of 2 L capacity under

the studied flow rate. An adjustable circulatingiflwas provided by the mean of a flowmeter
and a peristaltic pump. The solution inside thektaras magnetically stirred to keep the

solution homogeneous.

A UV-lamp Philips PL-S 9W/10/4P\pa= 365 nm) was used as light source. It is placeal in

Pyrex jacket and crosses perpendicularly the middléhe reactor. The lamp was totally



immersed in the reactor and therefore the maximight lirradiation was achieved. The
incident photon flux is equal to 400.2 W ni%.

In this work, initial concentration ¢ of the substrate was set in the range of 10-8Q.thg
The fact that this concentration is higher thandgpenvironmental values would not induce
any change in the reaction mechanism, or in thetimaproducts (Santaballa et al., 2006).
Prior the photodegradation tests, the solutioriagihg for 30 min in the dark in order to
reach the adsorption/desorption steady state. Theramp is switched on to initiate the
irradiation and the photocatalysis processes f@ @@n. Samples were taken regularly to
evaluate the remaining target compound concenirafilhe pH and temperature of the
solution were also monitored during the runs (WTbLiab level 1 electrode).

A series of experiments were also conducted inhbatode, in order to investigate the
photolytic elimination of the target molecules. Biidence of this phenomenon was observed
under the operating conditions.

Moreover, it will be noticed that all experimentene carried out in duplicate and the error is
less than 5.0%.

Analysis

Solution samples were taken over irradiation tinmel diltered through 0.45 um PTFE
Millipore syringe filter prior to analysis. SPM and@lYL residual concentrations were
monitored by ultra high performance liquid chronmaphy (UHPLC, Acquity Hclass:

Waters), equipped with a photodiode-array detecthromatographic separation was
performed with a BEH C18 reversed phase column (A00x 2.1 mm i.dx 1.7 um), at 30 °C

and isocratic elution. The mobile phase consisted.@% of aqueous formic acid in
acetonitrile/ultra-pure water (20:80 v/v). The &tjen volume and flow rate were 10 pL and
0.4 mL min, respectively. Analytes were detected ak.ay of 232 (SPM) and 290 nm

(TYL). The total organic carbon (TOC) was measurgdising a Shimadzu 1010 Analytical
TOC analyzer.

RESULTSAND DISCUSSION

The degradation kinetics of the target compounde leen analyzed using a pseudo first-
order kinetic model (Gaya and Abdullah, 2008), wahsan be expressed as:

Ln(%j “i 1 (1)

Co, and C (mg %) were the concentration of pollutant at t =0 amespectively. The apparent
rate constant g, min™) is given by the slope of the plot of In{C) versus time (t, min) for
the first 30 min of reaction.

pH effect

Generally, the degradation rate varies with theitsmt pH, due to the surface properties of
catalyst and ionization (pKa) of organic pollutaiithas been reported that Ti@t its pure
anatase crystalline form, possesses an amphoteface and its point of zero charge (PZC) is
at pH 6.3 (Parsons, 2004). For the used media; Bil@ler affects the PZC of the catalyst.
Indeed, it was shown that pH of the point of zenarge decreases to a value of 3 when the
titanium dioxide is supported on silica (Aguedatlale 2005). Consequently, the surface of
the photocatalyst is positively charged at pH 08 aegatively charged at pH > 3.



The experiments were performed over the pH rangel(@ and all the other parameters were
maintained constant. A maximum removal rate of ag@Po was found at natural pH
(corresponding to dissolved pollutant) for both SEM(5.98) and TYL (pHb.36) after 300
min of reaction. It can be observed that pH highifects the SPM and TYL degradations
which were much faster in acidic media than allalsolution (Figure 2). In fact, the rate
constant k, declines slightly under acidic conditions () for both macrolides, while under
alkaline conditions it decreases more strongy§BM than for TYL.

This difference between the behavior of two antibgcan be attributed to their pKa (pif@

> pKary,). For the considered pollutants, the high pKa ssggga high degree of ionization
under acidic conditions.

For acidic pH, the adsorption of SPM and TYL on F&Dated paper was facilitated by
electrostatic attraction between the negativelyrgdad photocatalyst surface and molecules
cations. On the other side, at pH>pKa, the decreaske degradation rate (SP¥P6 and
TYL[44%) could be attributed to the electrostatic rejoul due to the negative charge of
ionized molecules (deprotonation). In addition, ‘@&tlicals may be scavenged (Sakkas et al.,
2007) and do not have the opportunity to react wahutant molecules. The same tendency
concerning pH influence has been reported by skwithors (Hagque and Muneer, 2007;
Gad-Allah et al., 2011).

Consequently, acidic pH was more favorable forpghetocatalytic degradation of SPM and
TYL using CTCPP due to the higher adsorption oitaotic molecules on Ti@coated paper.

A natural pHB seems to be the optimum for the degradation tf bacrolides molecules.

Effect of initial concentration and application of L-H model

The effect of initial substrate concentration oa fhotocatalytic degradation efficiency was
investigated in the range of 10-80 mg, lat a constant flow rate of 0.35 L rifimnd natural
pH. The removal rate of SPM and TYL decreases wtsdy from 90.8% and 83.6% to
65.5% and 41% after 300 min of reaction when irgirgathe initial concentration from 10 to
80 mg L' (Figure 3). As expected, a maximum degradation waserved at low
concentrations in pollutant (10 and 20 nig land the rate constant decreased with increasing
initial concentration. This result can be explaineg adsorption/desorption competition
between the macrolide molecules and the degradaifointermediates, which may be
predominant at high concentrations. In additioncsithe amount of photocatalyst and the
light intensity are constant in the reactor, thetpgenerated oxidative species (primary DH
remain theoretically invariant.

Therefore, although initial macrolide concentratiorcreases and adsorbed amount of
macrolide on active surface of photocatalyst enbanihe degradation rate decreases due to a
lower OH/pollutant ratio. In addition, the reduction ofHigpenetration due to the increasing
of initial concentration leads to less reactivesitreation (Merabet et al., 2009; Li et al.,
2015).

Numerous investigations have demonstrated thatrdggaeous photocatalysis of organic
substrates could be described by L-H kinetic m@dahg et al., 2008; Merabet et al., 2009;
Gad-Allah et al., 2010; Laoufi et al., 2013). THimetic model is commonly used to
rationalize the mechanisms of reactions occurringalid surfaces (Kumar et al., 2008). If
we note § (mg L* min™) the degradation rate, L-H model can be expreasddllows:



:_dco - K kin G
°  dt 1+K.C, (2)

where k. (mg! L min) refers to apparent L-H rate constant and (K mg?) to the

adsorption/desorption equilibrium constant. Thedinzation form of L-H model leads to:

— s ®)

The values of k; and K constants were determined by linear regressiorhefpiot 1/
versus 1/G (Figure 4). The obtained values for SPNiy(k 1.413 mg L min, K_ = 0.0037 L
mg?) and TYL (ky = 0.5128 mg L min, K. = 0.0136 L mg) were of the same order of
magnitude than those reported in the literaturetligr antibiotics photodegradation (Gad-
Allah et al., 2011; Dimitrakopoulou et al., 201R®)also appears that SPM degraded faster
than TYL and the kinetic reaction step is considdacebe the limited step.

These results confirm that L-H model is suitabledéscribe the kinetic of SPM and TYL
degradation using the CTCPP under the investigadaditions.

Effect of flow rate

The effect of flow rate on the degradation efficigof both SPM and TYL was also studied.
The operating values of investigated flow ratesenier the range of 0.2-0.55 L minThe
obtained profiles are summarized in Figure 5. AB8O min of reaction, the maximumk
value (0.0086 minl for SPM and 0.0066 mihfor TYL) and maximum removal efficiency
(CBO %) were achieved under 0.35 L fhioptimum flow rate.

In the case of any continuous-flow photoreactoe, ftbw rate is considered as an important
factor that affects photocatalytic reaction by ahag the convective mass transfer and
residence time in the reactor. Convective masssteans the more predominant factor that
influences the photocatalytic reaction at low floate, while residence time is the primary
limiting factor at high flow rate (Li et al., 2014)

Up to 0.35 L mif, the enhancement of degradation efficiency wittréasing flow rate
indicates that convective mass transfer is the gmynimiting factor and then, the diffusion
between macrolide and photocatalyst is improvdabiih SPM and TYL degradation.

Beyond 0.35 L mift, increasing flow rate leads to lowering the degtih efficiency. In this
work, residence time should not play a significesie as we are in the case of circulating
reactor. May be hydrodynamic flow regime can playle. This aspect will be investigated
later in the RTD study.

Mineralization of target macrolides

In this work, the extent of the antibiotics minézation was determined by measuring the
total organic carbon in the reaction system. Figbrg@resents the comparison between
percentages of TOC removal for four different adipollutant concentrations after 300 min of
irradiation. We note that for lower concentrationger than half of the initial SPM content
and about 35% for TYL have been mineralized aftéreatment time of 5 h. At that time,
both antibiotics were almost at their maximum ailvetet.

Further, the obtained values lead us to confirm phesence of organic intermediates
generated during the photocatalytic process whminpete for adsorption and subsequent
photocatalytic degradation. However, the completeenalization was not achieved for the
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considered experimental time duration. It couldsbpposed that by increasing the irradiation
time, most of the reaction by-products would be&tfarmed into inorganic substances such
as CQ and HO.

In addition, both target pollutants have a compiealecular structure which leads to hard
mineralization. The difference between mineralmatefficiencies of SPM and TYL strongly
depend on their molecular structure. Indeed, SPNthwvhas a relatively lower molecular
weight than TYL achieved the maximum mineralizat{65%).

RTD studies and characterization of flow pattern

In order to well analyze the effect of flow rate mmoval efficiency and characterize the
liquid flow pattern, RTD studies were carried oot forth-selected values of flow rate (0.25,
0.35, 0.45, 0.55 L mif.

The residence time distribution was evaluated usi(ty variation with time at the exit of
reactor. In this work, KCI was chosen as a traGdrolami et al., 2012).
In order to investigate the effect of flow rate the RTD performance more closely, RTD
curves are plotted versus time for each flow rateslaown in Figure 7. E(t) function is
expressed as follows:
.

E@®)=——
,rn"”c:ir (4)
where Gis tracer concentration at the exit time t.
As a consequence, the mean residence timé the variance of the residence tineé)(and
the dimensionless variancéx() are calculated from the following equations ahe tesults
are summarized in table 2:

- = Tt C AL

tm=| tEdt=Z"———

" J; EC; At (5)
(t — Em) Ciat;

EC; AL (6)

% = (%) %

It could be observed that the increase in flow ratilts in a decrease b in the reactor.
Generally,t= is the most common parameter of concern and isdioative of the average

transient time of processing material. A lower eabf tm indicates higher mean velocity of
the flowing material.

o= [ (¢ ~En)'Ed =2

In addition, the RTD dimensionless varian@ ) can be considered as a measure of the
dispersion. A lower value oPn (?n — ?) indicates lesser dispersion and the flow

approaches to near plug flow. On the other handjgher value of% indicates higher
dispersion and the flow approaches to perfectlyaahiftow (Khataee et al., 2010).

In order to characterize the RTD quantitativelytive photoreactor, the single parameter
model was chosen in this work: the tanks-in-semeslel, where the real circulation loop is
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replaced by a series of consecutive, equal volumeéeally stirred tank reactors, resulting in
the same longitudinal mixing effect. The degreenofing is characterized by the number of
equivalent stirred tank reactorsg{Nand could be calculated according to Eq. (8).

Neg = 1/ 5 (8)

We note that experimental reactor can be repreddmta series of 3 to 5 mixed reactors.
Increasing flow rate within the studied range ddesmnsiderably affect the flow regime into
the reactor. It appears that 0.25 L thifiow rate is the optimum value corresponding to
lowest dispersion. The flow regime is close to flog.

Thus, considering the maximum removal efficiencyoth SPM and TYLBO %), and also
the determined flow characteristics and RTD stydies value of 0.35 L mihappears to be
the optimum flow rate in the case of the studiedCEP.

This good performance of our experimental reactor lze due to the hydrodynamic behavior

of the process. Indeed, RTD experiments show tkérenental reactor can be represented

by at least 4 stirred reactors in series. Forsd firder reaction, the presence of stirred reactor
in series leads to better degradation rate (Fo898).

Evaluation of electrical energy per order (EE/O)

The electrical energy consumption has been propasetfigure-of-merit for comparing the
cost of each AOPs technology. Bolton et al. (200&fined the electric energy per order
(EE/O) to use at the first-order kinetic regimehe low pollutant concentrations. It is defined
as the number of kilowatt hours of electrical egergquired to reduce the pollutant
concentration by 1 order of magnitude per’Iohcontaminated water. Assuming first-order
kinetics, EE/O (kWh i ordef") can be calculated from the following equation dobatch
reactor:

EE PXtx1000

o V%60 x log (Cf/cf)
9)

where P(kW) is the power of the AOP system, t (nti@) irradiation time, V (L) the treated
solution volume, Cand G are the initial and final pollutant concentratiprespectively.

The calculated EE/O values for SPM and TYL photodégtion in the optimal conditions {C
= 10 mg L*, Flow rate = 0.35 L min, natural pH) were 20.09 and 26.18 kWHorder*
respectively. These values showed that the studixiem offered the best energetic
efficiency compared to those reported in othedists (Table 3).

The obtained data clearly showed that, at optinparating conditions, the studied reactor
presents a better degradation efficiency and enssggumption.

Study of the stability of the photocatalyst media

For ROPs treatment in water, repetitive operatierfqgmance is one of the most important
parameters for practical application of any devetbphotocatalytic reactor, to reduce the cost
implications (Li et al., 2014). A catalyst reusadst was conducted to determine the stability
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of TiO,-coated paper over nine catalytic cycles. Experis@rere carried out for TYL over
300 min in each cycle. As shown in Figure 8, al®Qf of TYL was decomposed after 9
cycles of catalyst use. A low degradation removak wecorded in the first uses of the
photocatalyst (46.7% and 62.3% for th®& dnd 29 cycle respectively). This lack in the
degradation efficiency is probably due to the pmeseof impurities on the surface of the
TiO,-coated paper which disappear with its reuse. Eumbre, it can be seen that the
photocatalytic activity of the catalyst increasap (0 77.8%) after the third catalytic cycle.
Even after nine cycles, the immobilized photocatalgreserves its performance and the
apparent rate constant remains high (Figure 8).

These results demonstrate that the used photosakalye high catalytic stability which leads
to the good reproducibility of the reactor for n@ites degradation. The high repetitive
operation performance, as well as the high phoabgat efficiency and the low energy
consumption, makes the CTCPP a promising altemdtiv the degradation of macrolides in
water.

CONCLUSIONS

In this work, the degradation efficiency of SPM andL in a circulating TiQ-coated paper
photoreactor (CTCPP) was investigated under soreeatipg conditions such as low power
UV-lamp, immobilized catalyst, different pH, initipollutant concentration and flow rate.
The developed photoreactor system shows high datpad efficiency, low energy
consumption and good repetitive operation perfoleafor photocatalytic removal of
macrolide antibiotics in water. The conclusionsdah®n the experimental results can be
summarized as follows:

1. The optimal determined conditions were an initiallygant concentration lower than
20 mg L}, 0.35 L min' flow rate and natural pH solution. Application ofH.model
revealed that photocatalytic degradation is reactep limited.

2. The mineralization of both antibiotics was not céete even at high catalyst
photoactivity. The difference between mineralizatiefficiencies of antibiotics
strongly depends on their molecular structure. Harrstudies on the determination of
photodegradation pathway of both SPM and TYL arartformed by-products are
under progress.

3. RTD analysis showed that experimental reactor canmepresented as a 4 tanks in
series. This leads to better degradation performand energy consumption.

4. The stability of the photocatalyst media has beested. Nine repetitive catalytic
cycles have not altered the efficiency of the pbatalyst.
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Figures captions
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Figure 1. Experimental set-up: (1) column; (2) supp(3) UV lamp; (4) pyrex tube; (5)
catalyst paper; (6) tank; (7) solution; (8) magnstirrer; (9) peristaltic pump; (10)
flowmeter; (11) valve.
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Figure 2. Effect of pH on the photocatalytic degtimh: (a) SPM ; (b) TYL,(g= 10 mg L,
Flow rate: 0.35 L miH).
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Figure 3. Effect of initial concentration on thegpbcatalytic degradation: (a) SPM ; (b) TYL,
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Figure 5. Effect of flow rate on the photocatalyiegradation: (a) SPM ; (b) TYL, (natural
pH, G = 10 mg LY.
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Figure 6. Mineralization efficiency of macrolidesrsus initial pollutant concentration.
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Figure 8. Reuse of the Ti2oated paper: (a) Removal rate evolution (b) Kinebnstant
evolution, (G = 10 mg L%, natural pH, flow rate = 0.25 L mif.

Tables

Table 1. Physicochemical properties and charaetigoiz of SPM and TYL

Compound/group Spiramycin/macrolide Tylosin/madteli
Use Antibacterial for human and Antibacterial for veterinary medicine
veterinary medicine
CAS number 24916-50-5 1401-69-0
Mw (g mol™) 843.1 916.1
Formula G3H74N2014 CueH77NO17
Structure
"e,
oucj L —
CHy M- . P, g
we TR N Y k
wo A %o - ~g X H o
Vo, ] L H Thy
Solubility in water (mg ) Little 50000
pKa 8 7.1
Melting point (°C) 134-137 135-137
Color White or slightly yellowish powder Off-white pale yellow solid

Table 2. Characteristic parameters of flow regime

Flow rate op Neq
(L min®)

o

(min)
0.25 7.27 0.204 4.89
0.35 6.11 0.225 4.43
0.45 4.01 0.231 4.33
0.55 3.55 0.305 3.28

Table 3. Electrical energy per order (EE/O) for soraported photoreactors in the case of
pharmaceuticals photocatalytic degradation
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Pollutant Photoreactor EE/O (kWh3n Reference

Paracetamol Ti@suspension 560.76 Yang et al., 2008
photoreactor

Tylosin TiO, suspension 468.61 Laoufi et al., 2013
photoreactor

Amoxicillin TiO,-coated beads 1.97x16 Li et al., 2015
photoreactor
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