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Abstract

The use of antibiotics and growth hormones in huiaeh veterinary medicine has a significant
effect on the quality of surface and groundwatdre Televance of an electrocoagulation (EC)
process for the removal of an antibiotic selectechiise of its wide application, high solubility in

water, high residual toxicity and an absence oflbgvadability, was examined in this study.
Metal hydroxides generated during EC were usedetore tetracycline (TC) from aqueous

solution. The knowledge regarding the removal mema of this substance has not been
investigated up to now. Experiments were carrietdiow batch electrochemical reactor using
aluminum electrodes. The removal of TC was relfifif@st and equilibrium was reached within

15 min. The effects of the main operating paranseteere examined and showed that
irrespective of the initial concentration and fdd panging from 3 to 10, maximum removal

efficiency remained close to 99%; while a sharprei@ee was recorded at pH 2 (10 % removal).
The results of this study also showed that the xainof TC from water was strongly affected by

the current intensity. The mechanism of electroatagpn was modeled using isotherm models
and showed that the Sips isotherm matched satisilgctexperimental data, suggesting

monolayer coverage of adsorbed molecules and askantpiasi-Gaussian distribution energy
owing to the high correlation also found for thetiWaonodel. In addition, adsorption kinetic

studies showed that the EC process followed a pssedond-order kinetic model at the various
current densities, pH and initial antibiotic contcations considered.

Keywords: Adsorption; Electrocoagulation; Combined processéetracycline; Kinetics;

Isotherm.



1. Introduction

Traditionally, the impact of chemical pollution hdscused almost exclusively on the
conventional priority pollutants. However, the giog use of pharmaceuticals worldwide,
classified as the so-called emerging pollutants,fecome a new environmental problem, which
has raised great concern among scientists in #tefdav years [1]. More than 3,000 chemical
products are used in human and veterinary medi@heThe use of antibiotics and growth
hormones in human and veterinary has a signifieffiect on the quality of surface and ground
water [3]. Among veterinary pharmaceuticals, aotibs are widely prescribed with a prevalence
of the tetracycline family; 50% of the antibiotie®ld in France in 2004 [4]. At present,
tetracycline antibiotics rank second in the proguctind usage of antibiotics worldwide [5]. It
has been reported that TCs have been found in [§jlsurface water [7, 8], and groundwater
[8]. Frequent application of tetracycline antibostihas given cause for concern about increased
antibiotic resistance of microorganisms in thedsinial environment and the effect of antibiotics
on plant growth [5]. The presence of TC and othib#otics in natural environments can cause
bacteria to acquire and transmit antibiotic-resisggenes, which potentially threatens ecosystem
functions and human health [9]. Even low concernagt of pharmaceuticals released from the
environmental matrix into water can pose seriouwdarenmental damages. Thus, it is of great
importance to develop some efficient and cost-&ffecreatment technologies to remove such
compounds.

Various techniques such as ozonation [10], photudfe process [11], photo electrocatalytic

degradation [12], ion exchange [13] and adsorptiel) have been employed for the removal of



tetracycline from water. Among these available radf) adsorption is a widely useffeetive

technology for the treatment of low concentratiotitaotics. Recently, adsorption of tetracycline
on sorbents based on metal or metal oxides suahomémorillonite [15], hydrous oxides of

aluminum and iron [16, 17] were reported.

The present study proposes an electrocoagulati@) pEocess for the removal of tetracycline,
which was selected because of its wide applicatiah solubility in water, high residual toxicity
and its absence of biodegradability. Recent rekehas demonstrated that electrocoagulation
offers an attractive alternative method for tregtwater [18]. EC treatment is characterized by
simple and easy operated equipment, short operétioey, no addition of chemicals and low
sludge production. Iron or aluminum is generallypéyged as a sacrificial electrode material in
EC process but other anodes like magnesium alley ghd aluminium alloy [20] can also be
used. The dissolved metal ions, at an appropridtecpn form a wide range of hydro complex
species and metal hydroxides that destabilize ggdegate the suspended particles or precipitate
and adsorb dissolved contaminants [21]. The anadid cathodic reactions for aluminium
electrodes can be written as [22, 23]:

At the anode
Al(s) - AI* (aq)+3e 1)

At the cathode



3H,0+3 ~ 3, H,(g)+30H" (2)

The generated A@qu’* ions combine with hydroxyl ions to form the meltgroxydes which are
partly soluble in the water under definite pH valugls®* and OH ions generated by electrode
reactions (1) and (2) react to form various mondmspecies such as Al(OH) Al(OH),",
Al,(OH),** Al(OH),~, and polymeric species such asg(@H)s>", AlZ(OH)17**, Alg(OH)g",
Al 1504(OH)24"", Al13(OH)s4 which transform finally into AI(OHYS) according to complex
precipitation kinetics [21, 24].

AI* +3H,0 » AI(OH),+3H" 3)
The polymeric aluminum complexes can have bothtpesand negative charges capable of
attracting the opposite charge of polluting speca®l remove them from the solution.
Electrocoagulation is a complex and interdepengdestess strongly dependent on the chemistry
of the agueous medium [25]. The electrolyte pH glayp important role in the separation of
suspended particles; at low pH the separation minkted by precipitation while adsorption
dominates at high electrolyte pH [22]. The Al(Q3) formed “sweep flocs” have large surface
areas which is beneficial for a rapid adsorptiorsatible organic compounds and trapping of
colloidal particles. Finally, these flocs can beilgasemoved from aqueous medium by
sedimentation or kflotation [24].
In this study, a series of batch experiments wesadacted. The removal efficiency was
investigated by a series of experiments under réiffeexperimental conditions such as reaction
time, solution pH, initial tetracycline concentmatiand current intensity. To our knowledge, no
report is available in the literature dealing wiitle reduction of TC concentration in water using

the EC process.



2. Theoretical part

2.1. Electrocoagulation kinetics

The pollutant is generally adsorbed at the surfaicéhe flocs electrochemically generated,

following two consecutive separate processes: ffi)efectrochemical process through which the
metal flocs are generated; (ii) followed by a phgsthemical process, namely adsorption on the
surface of the flocs [22].

The removal of pollutant is similar to conventionadlsorption except the generation of

coagulants. The electrode consumption can be dstilveccording to Faraday’s Law and the

amount of flocs generated can be stoichiometricatiymated. The formed aluminum floc traps

the pollutant present in the solution by adsorptieechanism: From this, pollutant removal can

be modeled by adsorption phenomena and the ambadsorbed pollutant is [22]:

V(Co-&) 4)

LTI

Where ¢ is the amount of tetracycline (TC) adsorbed pemgaf medium (mg/g)V is the
volume of solution (L),M is the weight of electrode dissolved (§)% and C; are the initial
concentration and the concentration of TC at amye ti (mg/L), respectively.

In order to investigate the mechanisms of the O@&ogption process, various kinetic models:
pseudo-first-order, pseudo-second-order, Fracti®waver and Elovich models were applied to
describe the adsorption kinetics onto aluminum bydies. The most accurate model was
selected according to the linear regression cdioel@oefficient values, R

The pseudo-first order kinetic model can be give28]:

(5)



d
-£=KA%-m)

WhereK; (min™) is the constant rate of adsorptiopandgeare the adsorbed amounts at a given
timet and at equilibrium (mg/g) respectively. After intatjon between 0 and a given tirtét

comes:

In [uj =Kt (6)
Q.

Which can be rearranged to give:

In(g, —q,)=Ing, - Kyt

(7)
The pseudo second-order model kinetic equatioR7k [
d
Nk (o, ®
WhereK;is the rate constant of the pseudo-second ordeatiequg/mg/min).
Integration leads to:
t- 1t ©)

Qt qug Qe

The adsorption of T@nto aluminum hydroxides was also examined by Elpwnd Fractional
Power. The linearized method was used to deterthmparameters of the kinetic models.

The Elovich model kinetic equation is:

g, :(%}In%+(%}lnt (10)



The Elovich model was originally developed to ddsxrthe kinetics of heterogeneous
chemisorptions of gases on solid surfaces. It hasnbused to describe the kinetics of
sorption/desorption of various chemicals on soldges. A plot ofd) vs. (Int) should give a
linear relationship if the Elovich model is apphda, with a slope of [dand an intercept of B/
In(ap).
The Fractional Power or Power Function model kmetjuation is:

q=Kt (11)
with v a positive constant (<1) akda constant.
The kinetic parameters were obtained from the pi@;) vs Int), with a slope of 1l7and an
intercept of K.
Equation 11 is empirical, except for the case where0.5; then Eq.11 becomes similar to the
Weber-Morris model. Equation 11 and various modifierms have been used by a number of
researchers to describe the Kkinetics of solid phaseption/desorption and chemical
transformation processes.
2.2. Adsorption isotherm
Since the removal of pollutant is similar to contvemal adsorption, except the generation of
coagulants, adsorption isotherm models can be é&teto describe experimental isotherm data
and identify the mechanism of the adsorption precésotherm models with two and three
parameters have been therefore considered to isbtdbé relationship between the amounts of
tetracycline adsorbed onto the aluminum hydroxided its equilibrium concentration in the
agueous solution containing tetracycline. The garferms of both these models were described
as follows.

The Langmuir equation:



(12)

Whereb (L/mg) is the binding constant amg(mg/g) refers the maximum adsorption capacity,
evaluated by potting theJQe againsiC..
The Freundlich isotherm:

INge =INK¢ +%InCe (13)

WhereK; andn are the constants which give adsorption capaaityiatensity respectively.

The Sps equation:

In the Sips model (eq.14yg. and C. are the adsorption capacity at equilibrium and the
equilibrium concentrationgp represents the maximum adsorption capaditythe adsorption
equilibrium constant and the dissociation parameter.rf= 1, the Sips model reduces to the
Langmuir model.

do,bC?
T 1+bCT

e (14)

The Toth equation:
The Toth model is derived from potential theory am@pplicable to heterogeneous adsorption.
This isotherm (Eq. (15)) presupposes a quasi-Gaissmnergy distribution. Most sites have an

adsorption energy lower than the peak or maximusoigdion energy.

qe — ( que (15)

3. Materialsand Methods

3.1. Chemical and reagents
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Tetracycline hydrochloride>06%) was obtained from Fluka — sigma-Aldrich (Stue@tin
Fallavier, France). The molecular structure and pKaC are shown in Fig.1. TC could have
different charges on different sites dependinghenpgH. According to the speciation of TC under
various pHs [28], when solution pH is below 3.3, ERists as a cation, +00, due to the
protonation of the dimethyl ammonium group. At petween 3.3 and 7.7, the zwitterion form,
+-0, predominates due to the loss of a proton filmenphenolic diketone moiety. At solution pH
greater than 7.7, a monovalent anion +—-, or aléintaanion 0——, from the loss of protons from
the tricarbonyl system and phenolic diketone mopegyail [29].

3.2. Experiments

Experiments were carried out in a batch electroeta&meactor of 800 mL capacity (Fig.2) with
Aluminum / Aluminum as sacrificial anode of 28.5 Tmf submerged area. The electrode
distance between anode and cathode was maintaioestaot at a value of 2 cm during
electrolysis. A direct current was supplied by a 2Gulated power source. Proper agitation was
provided to maintain an uniform concentration ieside cell. A stock solution was prepared by
dissolving an appropriate quantity of tetracyclinedistilled water. The concentration of the
supporting electrolyte was adjusted by adding Ké&hd the tetracycline solutions were
characterized by measuring their conductivity, whicas found to be 1.2 mS/cm. The pH of the
solution was adjusted by adding diluted HCI or NaQlHe sample was collected at every 30 s
interval and then analyzed by UV-Vis spectroscdpyperiments have been duplicated and the
error was found to be below 5%.

3.3. Tetracycline measurement
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Antibiotic concentrations were quantified by UV/\&pectroscopy [30, 31] (UV-Vis — Shimadzu
Recording Spectrophotometer UV-1800). Tetracyciihsorbance was measured at 360 nm. This

wavelength is an isobestic point for this antilmoti

4. Results and Discussion

4.1. Effect of the operating parameters

4.1.1. Effect of the contact time

Fig.3 shows the effect of the shaking time on #maval of TC by electrocoagulation process.
High removal rates of TC were observed at the ¢resed then plateau values were gradually
reached within 15 min.

The residual TC concentration versus time showsthgle, smooth and continuous curve until
reaching saturation (Fig.3), suggesting possibleatayer coverage of TC on the surface of the
sorbent produced in situ.

4.1.2. Effect of the current intensity

In all electrochemical process, the current derisithe most important parameter for controlling
the reaction rate within the electrochemical rea¢82]. The current density is expected to
exhibit a strong effect on EC, especially on theekics of removal, shortening the treatment.
This is ascribed to the fact that at high curreangity, the extent of anodic dissolution of

aluminum increases, resulting in a greater amofiprecipitate for the removal of pollutants.
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Moreover, bubble generation rate increases witheaging current intensity. These effects are
both beneficial for high pollutant removal by fibtation.

To investigate the effect of the current densitgedes of experiments were performed using 50
mg/L TC containing solution, at pH=6, for currentdnsities varying from 0.1 to 0.8 A (Fig.4).
The removal efficiency of TC increased rapidly op8% for a current intensity of 0.3 A after
only 6 min (Fig.4). It can also be observed thaewthe current intensity increased, the operating
time decreased. For example, when the currentsitfewas increased from 0.1 to 0.8 A, the
retention time of TC solution in the electrocoagiola unit was shortened from 15 min to 5 min.
This means that the electrocoagulation equipmentbeaalmost three times smaller for 0.8 A
current intensity. These results have to be relatetthe increase of the amount ofAtations
released by the anode and hence the increase OHM(particles. However, the difference
between the curves corresponding to different otiirdensity became small when it was higher
than 0.3 A. An optimum current density can therefoe defined. For the experimental conditions
of Fig.4, optimal current seemed therefore to heaétp 0.3A

4.1.3. Effect of the pH

It has been established that the pH is one of & significant factors affecting the performance
of the electrochemical process, particularly onghgormance of the electrocoagulation process
[33]. To evaluate its effect, a series of experitaamere performed, using 50 mg/L tetracycline
for initial pH in the range 2 to 10. As illustratad Fig.5, the removal efficiency of tetracycline
remained constant and close to 99% for pH in thgeal t010, and decreased to 10 % for pH 2.
The effect of pH can be explained considering ahwm and TC equilibrium related to pH. At
low pH, such as 2-3, cationic monomeric specieé ahd Al(OH)" predominated. Furthermore,

when pH was below 3.3, TC existed as a cation, €& to the protonation of dimethyl
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ammonium group, so the electrostatic repulsion betwthe cationic monomeric species>(Al
and AI(OH)Y") hindered the TC adsorption, resulting in a loficefncy.

According to the speciation of TC under various pB], at pH between 3.3 and 7.7, TC exists
as zwitterion +-0, due to the loss of proton frdra phenolic diketone moiety. On the other hand,
when the pH was between 4 and 10, th€akid OHions generated by the electrode react to form
various monomeric species such as Al(@H)AI(OH),** and polymeric species such as
Alg(OH)15>*, Al-(OH);**, Al1(OH)s>* which are finally converted into insoluble amorpho
Al(OH)3(s) through complex polymerization/precipitation kieef32]. The best removal of TC
was accomplished by charge neutralization and gtlsar in the presence of the species
mentioned above. For Zhou et al. [34], the hydrol@pecies such as Al(Ogwith a large
surface area and amorphous structure are positthelyged and are therefore strongly adsorbed
onto the organic anionic particle and become irdelly hydrolyzed cationic species such as
AI(OH)," and hence are more strongly adsorbed on negatif@cs than the free hydrated metal
ion.

At pH greater than 7.7, TC prevails as a monovaann, +-- or a divalent anion 0--, from the
loss of protons from the tricarbonyl system andnglie diketone moiety. The high removal
efficiency can be assigned to the double effecth®fattracted force between the cationic species
of AlI** and anionic species of TC and the adsorptionisflétiter onto Al(OH), which presents a
large surface area. These flocs are active leathng rapid adsorption of soluble organic
compound (and trapping of colloidal particle) amd aasilyseparated from aqueous medium by
sedimentation or kflotation [35]

The surface complexes of zwitterionic species ofwWéte previously suggested by Figueroa et al

[36] as the major contributor to the adsorption hagtsm of a kaolinite, montmorillonite. These
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results were also reported by Chen et al [37] windisd the adsorption and transformation of
TC onto aluminum oxide.

4.1.4. Effect of the initial TC concentration

The initial concentration provides an importantvohg force to overcome all mass transfer
resistances of solutes between the aqueous ansbtitephase [38]. The effects of the initial
concentration (10-300 mg/L) were investigated atstant current intensity 0.8 A with1.25 g/L
KCI in each experiment. The temperature of TC smfutvas maintained at 20°C and the EC
experiments were run each time for about 15 mire @ffiect of the initial concentration on the
removal yield is displayed in Fig.6, showing thia¢ removal efficiency (RE) decreased almost
linearly for increasing TC concentrations. The leighRE (96.5%) was obtained after only 2 min
at 10 mg/L, while the lowest RE (50%) was obtaire¢d300 mg/L. Lower RE at higher TC
concentration was caused by a lower amount of daaguAl(OH); species, which became

therefore limiting.

4.2. | sotherm modeling

Analysis of the experimental adsorption data wasiezh out by considering the Langmuir,
Freundlich Sips and Toth isotherms. The applicgbdf these isotherms was compared using the
correlation coefficient R The values for the constartg b, K; , n andm of the isotherms are
collected in Table 1.

From Table 1 and based on thé Rilues, it can be noticed that the considered ratisa
isotherms matched experimental data in the follgwircreasing order: Sips Toth > Langmuir

> Freundlich isotherms. The above order revealetittteequilibrium data are better fitted by

three-parameter models than two-parameter modéks.Sips model was found to be the most
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relevant to represent equilibrium data, showing #usorption was heterogeneous and assumed a

quasi-Gaussienne distribution energy owing to iga B value also found for the Toth model.

4.3. Kinetic studies

Pseudo-first, pseudo-second, Elovich and fractidd@aiver models have been considered to
describe experimental data and the correspondinglaton coefficients are given in Table 2. As
shown, for all studied parameters the correlatioefftcients for the first-order, Elovich and
Power function kinetic models were relatively lowtban those obtained for the second-order
kinetic model for the various current densities, ahld initial TC concentrations considered.
These results indicate that the second-order kimetidel can be suitably applied to predict the
tetracycline adsorption process onto aluminum hyides.

This model supposes that two reactions either iires@r in parallel occur; the first one is fast
and reaches equilibrium quickly and the second |maer reaction that can continue for a long
period of time [39].

It has been observed above that the operating aeasnhave a significant influence on the rate
constantk, of the pseudo-second order model (Eq.9). Fig.tavstthe influence of pH on the
rate constant. It can be ascertained that thecatstant remained constant for pH values in the
range of 4-10, similarly to the pH effect on TC raral yields.

The effect of the initial concentration on the ratstant shows that the reaction rate constant
(K2) decreased significantly for increasing initial €Gncentrations (Fig.7b). This may be due to
the fact that for a given charge, the number ofrbydies flocs generated was insufficient and an
increase in the ratio of the initial concentrattonthe amount of flocs generated resulted in a

reduction of the yield of TC removal.
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The effect of the current intensity on the ratestant shows an increase for increasing current
intensities (Fig.7c). This may be explained by fihet that for a given amount of pollutant, the

amount of Al(OH} generated increased with the current intensity.

5. Conclusion

This work was a first step to improve the knowledggarding the process removal by
electrocoagulation with aluminum electrodes. The la€thod applied in this study provided a
sensitive, rapid and reliable technique for theaeah of TC. The use of aluminum as sacrificial
electrodes in the treatment of synthetic TC sohdiby electrocoagulation has been found to be
dependent on pH, current intensity and initial @rication. By applying linear methods, the
mechanism of EC was modeled using pseudo-firstyiétio Power Function and pseudo-second
order models and it was shown that the EC kinelioWed pseudo-second order kinetic and that
the reaction rate constant was influenced by theradmg parameters. The metal hydroxides
generated by EC can efficiently remove tetracycliyeadsorption, and the EC process was
modeled using adsorption isotherm models, showiag the Sips model accurately described
experimental data.

The results obtained in this study appear promiganghe application of EC technology for the
treatment of waters loaded with antibiotics, suehT&C. For this purpose, they should be

subsequently confirmed on real effluent

Nomenclature

aand 8 constants in the Elovich model



Qe

Gt

Jo

the binding constant in the Langmuir model (L/mg)
the initial TC concentration (mg/L)
TC concentration at a given time t (mg/L)
the rate constant of adsorption (Min
the rate constant of the pseudo-second order equati (g/mg/min)

refers to the adsorption capacity in the Freundinddel

constants in the Fractional Power model

the mass of electrode dissolved (9)
the adsorbed amount at equilibrium (mg/g)
the amount of tetracycline (TC) adsorbed per gphmedium  (mg/qg)
refers to the maximum adsorption capacity (mg/g)
refers to the intensity value in the Freundlich elod

Constant in the Toth model

the volume of solution (L)

17
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Figure captions

Fig.1. Molecular structure of TC.
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Fig.2. Schematic experimental setup of the electrocaeigul cell
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Fig.3. Effect of the contact time on the removal of TCdbgctrocoagulation process (conditions:
initial concentration of TC, 50 mg/L; volume of sabn medium, 800 mL; temperature, 20+1°C;

agitation rate, 400 tr/min, conductivity 1.2 ms/cm)
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Fig.4. Effect of the current intensity on the removal of Ty electrocoagulation process
(conditions: initial concentration of TC, 50 mg/Lolume of solution medium, 800 mL;

temperature, 20£1°C; agitation rate, 400 tr/mimadactivity 1.2 ms/cm).
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Fig.5. Effect of pH on the removal of TC by electrocoagiola process (conditions: initial
concentration of TC, 50 mg/L; volume of solutio®08mL; temperature, 20£1°C; agitation rate,

400 tr/min, conductivity 1.2 ms/cm).
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Fig.6. Effect of the initial TC concentration on its renabvby electrocoagulation process
(conditions: volume of solution, 800 mL; currentensity, 0.8A; temperature, 20£C; stirring

rate, 400tr/min, conductivity 1.2 ms/cm).
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Fig.7. Effect of pH (a) initial concentration (b) and pemt intensity (c) on the rate constant K
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