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Abstract

Antibiotics as emerging contaminants are of globahcern due to the development of
antibiotic resistant genes potentially causing sopgs. Current wastewater treatment
technology cannot sufficiently remove antibiotia®rmh sewage, hence new and low-cost
technology is needed. Adsorptive materials haven leegensively used for the conditioning,
remediation and removal of inorganic and organiezandous materials, although their
application for removing antibiotics has been régaifor (B0 out of 250 antibiotics so far.
The literature on the adsorptive removal of antibfousing different adsorptive materials is
summarized and critically reviewed, by comparingfedent adsorbents with varying
physicochemical characteristics. The efficiency femoving antibiotics from water and
wastewater by different adsorbents has been eealubyy examining their adsorption
coefficient (Ky) values. For sulfamethoxazole the different adsotb followed the trend:
biochar (BC) > multi-walled carbon nanotubes (MWG)® graphite > clay minerals, and
for tetracycline the adsorptive materials followtbd trend: SWCNT > graphite > MWCNT =
AC > bentonite = humic substance = clay minerafe tinderlying controlling parameters for
the adsorption technology have been examined. diitiad, the cost of preparing adsorbents
has been estimated, which followed the order of BCACs < ion exchange resins <
MWCNTs < SWCNTSs. The future research challengeprooess integration, production and

modification of low-cost adsorbents are elaborated.
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1. Introduction

Antibiotics are unique among medicines in that thet/selectively on bacteria, among them
the pathogens, while leaving human cells and tssuaffected (Skold, 2011). Antibiotics
can be classified by either their chemical struetor mechanism of action (Table 1). There
are over 250 different antibiotic entities registeéfor use in human and veterinary medicine
(Kimmerer and Henninger, 2003). Most of these sulegts have a microbial origin, but they

can also be semi-synthetic or totally synthetictildintics are the potent medicines that have



been used for several decades in both human amdabnifor therapeutic treatment of
infections related diseases, and for protecting thealth (Sapkota et al., 2008). Among the
various pharmaceuticals, antibiotic usage has begaidly increased all over the world thus it
has received widespread attention (Kasprzyk-Hore@em., 2009). Of particular concern are
antibiotic residues in the environment which caduite antibiotic resistant genes (ARGS)
from extended exposure at relatively low conceiurst (Dantas et al., 2008). The past and
ongoing usage of antibiotics produces significagidues which are directly or indirectly
introduced into the aquatic and terrestrial envinents (Sarmah et al., 2006), and residues of
human and veterinary antibiotics have been detaatexdany different matrices (Batt et al.,
2006; Feitosa-Felizzola and Chiron, 2009; Hirschlgt1999; Jacobsen et al., 2004; Lindsey
et al., 2001; Mompelat et al., 2009; Ternes, 1998)

Antibiotics have different half-lives in the enumment, some are highly persistent
(Daughton and Ternes, 1999), and therefore theitatoination levels in the environment
have been increasing. Several studies (Ji et @.2;2Lai et al., 2009; Wollenberger et al.,
2000) showed significant impacts that exposurentib#tics (ug/L - mg/L) may cause on
aquatic organisms on their survival, growth andybaeight. The release of antibiotics into
the natural water bodies mainly comes from theuefits of municipal sewage treatment
plants (STPs) and pharmaceutical manufacturingtplas reviewed by Michael et al. (2013)
and Rizzo et al. (2013), urban wastewater treatrpttts are likely to be hotspots for the
release of antibiotics and ARGs in the natural mmvhent. Thus pharmaceutical chemicals
especially antibiotics are gaining the recognitafnemerging environment contaminants as
being classified as recalcitrant bio-accumulatieenpounds (Chen and Zhou, 2014), hence
antibiotics are regarded as toxic and hazardousiclaés (Hartmann et al., 1998; Lee et al.,

2001; Wollenberger et al., 2000) .



Before discharging wastewater into the environmeigt highly important for antibiotic
residues to be removed but it usually involves hogist. Case studies of providing cost
effective solutions for antibiotic removal are ungg needed (Kim et al., 2005; Kostigt al.,
2007; Watkinson et al., 2007). Although processeh sas advanced oxidation can convert
antibiotic molecules into simple compounds or ewveneralize them completely but these
processes are very expensive (Mehrjouei et al.4R@fhd difficult to maintain for the total
removal of compounds including antibiotics at inmiaé scale. Thus physicochemical
technologies are proving to be highly suitable ttremnt option for organic contaminants.
(Homem and Santos, 2011; Wang et al., 2007). Adisorprocess is very efficient (Hao et
al., 2012; Zhou et al., 2012), simple to design aperate; and it is relatively inexpensive and
unaffected by the potential toxicity as for biolcglly based processes (Ahmaruzzaman,
2008). Adsorption processes are widely used to vemorganic contaminants from
contaminated stream onto adsorbent surfaces (Hah,2008; Homem and Santos, 2011),
although their application to antibiotic removakHaeen reported for around 30 compounds
so far. The efficiency of adsorption processesighlip affected by the type of adsorbent,
adsorbate properties, and the compositions of wststam (Aksu and Tung, 2005). Several
adsorptive materials including activated carbon YA€arbon nanotubes (CNTs) especially
multi-walled carbon nanotubes (MWCNTS), naturalychaaterials such as bentonite, ion
exchange materials and biochar (BC) are reviewedafibiotic removal. However, other
adsorbents such as hollow silica nanospheres, Myg@cles, MgO nanoparticles, ZnO-MgO
nano-composites and kaolinite are not reviewedl{fand Behrouz, 2015).

Upon realising the significance of antibiotic rerablsy adsorption technology, the aim of
this study is to review and analyze the publishiedlies on the application of adsorptive
materials for antibiotic removal. Specifically thisview will cover (i) the behaviour of
adsorptive materials for removing antibiotics framastewater in both static and dynamic

regimes; (ii) the mechanism, kinetics and equiibaf adsorption process; and (iii) the



progress and future challenges of the adsorptivienmaés including cost consideration and

regeneration studies.

2. Adsor ptive processes for antibiotic removal

The term adsorption is the accumulation of mattemfa gas or liquid phase to the surface of
an adsorbent, which could involve physical andhemical adsorption. Although adsorption
is a well-known process, in the past decades thdysof this technology for antibiotic
removal has not been extensively explored. The muasdely reported adsorbents for
antibiotic removal include ACs, CNTs, bentonite) Exchange resins and BCs. Overviews of
published journal articles for antibiotic removal Bdsorptive materials are presented in
Tables 2-6. In most of the adsorption studies, dtvecentrations of antibiotics used are at
mg/L level, which are significantly higher than @enmentally relevant concentrations (ng/L
- Mg/L). To ensure a consistent comparison betvd#éerent adsorbents, the discussion often
referred to the linear range of the adsorptionhisohs by calculating the adsorption
coefficient (Kg). The adsorption efficiency is directly related thee adsorbent’s properties
such as specific surface area (SSA), porosity (mmacrmicro porosity), pore diameter and

functional groups (Estevinho et al., 2007).

2.1.ACs

ACs have been widely used to remove organic comtams$ from water and wastewater in
industrial scale applications and more recentlye@moving pharmaceuticals from sewage
effluent (Grover et al., 2011). High degree of miporosity, well developed surface area, and
high adsorption capacity are the key features of fidth granular and powdered) that make
them suitable as adsorbent for the removal of acgemntaminants (Huang et al., 2011; Jain
et al., 2004; Roosta et al., 2014a; Roosta e2@14b). However, the main drawbacks of ACs

are their high production cost and high regenematiosts (Aksu and Tung, 2005), and the



adsorption of antibiotics on their surface is digantly influenced by their characteristics
such as surface physical morphology and functipngfFoo and Hameed, 2012). Recent
studies on using ACs for antibiotic removal haveveh that ACs or modified ACs have
potential applications for significant remediatioinvarious antibiotics from wastewater, with
an efficiency varying from 74% to 100% (Torres-Réet al., 2012; Pouretedal and Sadegh,
2014). During batch adsorption of nitroimidazoles AC, it was found that the pH of the
medium and the electrolyte concentration did nflué@nce the adsorption process (Rivera-
Utrilla et al., 2009). A 90% removal efficiency oftroimidazoles and trimethoprim was
obtained by using AC (PAC and GAC) (Kim et al., @0Méndez-Diaz et al., 2010) as shown
in Table 2. In another study over 90% adsorptiomaeal efficiency (Tables 2) for
trimethoprim, sulphonamides (sulfachloropyridazinsulfadimethoxine, sulfamerazine,
sulfamethazine and sulfathiazole), carbadox ancdgtline was achieved using PAC as
adsorbent (Adams et al., 2002; Pouretedal and $2a@6d4, Torres-Perez et al., 2012).

As shown in Table 2, in a study of the adsorptemaval of amoxicillin using AC and
bentonite, high removal efficiencies were achiebgdAC (95%) than by bentonite (88%)
(Putra et al., 2009). Another study reported tr@%%moxicillin was removed by NEI-
induced AC at pH 6 and 50°C (Moussavi et al., 203jng AC produced from vine wood it
was found that the removal of different classeandfbiotics such as amoxicillin, cephalexin,
cephalosporin, penicillin G and tetracycline varatween 74% and 88% as summarized in
Table 2 (Pouretedal and Sadegh, 2014). In addigeen 100% removal of sulfamethoxazole
(Stackelberg et al., 2007) and other pharmacesti@@rover et al., 2011) was observed.
Furthermore, it was reported that NaOH-AC produitech macadamia nut shells presented a
high surface area (1524%h) with a maximum adsorptive capacity (Table 2)tfee removal
of tetracycline from aqueous solution (Martins ket 2015). Although AC, in particular GAC

has higher rate of success for the removal of emigis from aqueous medium, its high cost



and difficulty of regeneration are two major disadiages constraining its wider application

at commercial scale (Crisafully et al., 2008).

2.2.CNTs

Engineered CNTs (single and multiwall) have regershown great promise for many
remediation applications including pharmaceutida¢ricals such as antibiotics since the
discovery of CNTs in 1991 (Kim et al., 2014b; Singthal., 2014). CNTs contain cylindrical
layered graphite sheets with a characteristicallgd surface area which have high van der
Waals index (Schwarzenbach et al., 2005). The mdeings of graphite sheets have high
polarizability due to the presence of-$yybridized carbon atoms. These properties of CNTs
make them super hydrophobic materials that carmraatewith aromatic pollutants by-n
coupling stacking (Long and Yang, 20Qlara et al., 2014). The removal of antibiotics such
as sulphonamides, lincomycine, and amoxicillin bMTS has been studied in fixed bed
columns or batch mode under a broad range of dondjtand great removal success (80% to
> 90%) has been reported (Ji et al., 2009b; Kiad.e2014a; Mohammadi et al., 2015).

In recent remediation of antibiotics from aqueonsi®nments, about 90% removal of
lincomycin and sulfamethoxazole (sulphonamides) ¥msd from aqueous solutions on
SWCNT and MWCNT (Kim et al., 2014a). Kim et al. (2&) also reported that SWCNT had
a greater efficiency than other adsorbents in ttidero SWCNT > PAC > MWCNT as
detailed in Table 3. In another study it was regdrthat about 96% adsorptive removal of
sulfamethoxazole and sulfapyridine occurred inxadibed column of CNTs, where contact
periods were only 2 h (Tian et al., 2013). In batobde, an adsorptive removal efficiency of
sulfamethoxazole and sulfapyridine on CNTs and lytapvas found to be 80% as shown in
Table 3 (Ji et al., 2009b). An 86.5% adsorptive aeah of amoxicillin from agqueous media

was also found using MWCNT (Table 2) (Mohammadilet2015). However, CNTs may not



be widely applicable due to their high materialtc@sawi and Farag, 2007). In future, the

low cost production of CNTs should be a high ptjom adsorption research.

2.3. Clay mineral (bentonite)

Clay mineral e.g. bentonite is an adsorbent of alium phyllosilicate, which has high
surface area and pore volume. Bentonite can a@naadsorbent for the remediation of
antibiotics from water and wastewater. Up to nowtjkaotic removal by bentonite has not
been widely explored, only a few literature repdms/e been found. In batch mode, the
adsorption of ciprofloxacin from aqueous solutiam lmentonite was found to be very high
with 99% removal efficiency, with a contact time3@ min at pH 4.5 (Geng et al., 2013). In
another study (Table 4) for the removal of cipreéloin on using bentonite, AC, zeolite and
pumice, it was observed that bentonite achievedhigeest removal capacity (Geng¢ and
Dogan, 2015). They also calculated the Gibbs freergy (\G°) values of adsorption by
bentonite, zeolite, AC and pumice which appearethéorder: bentonite > AC > zeolite >
pumice.

On the other hand, during amoxicillin removal froeal wastewater on bentonite and AC,
bentonite efficiency (88%) was found to be lessithaing AC (95%); and neither adsorbent
can completely remove amoxicillin due to the samptcompetition from other substances
which were also present in the wastewater (Putral.et2009). Thus the performance of
bentonite is sometimes higher or almost comparalitie AC in the removal of antibiotics

such as amoxicillin and ciprofloxacin from wastesrgiGeng et al., 2013; Putra et al., 2009)..

2.4. 1on exchangeresins
lon exchange is a process in which cations or aniora liquid medium are exchanged with
cations or anions on a solid sorbent, and eleatgrality is maintained in both phases.

Overall it was found that ion exchange resin matertan remove antibiotics from water and



wastewater with efficiency up to 90%. As shown iable 5, the adsorption removal
efficiency of tetracyclines and sulphonamides on eéxchanger were > 80% and ~90%
respectively (Choi et al., 2007). In another stodythe removal of sulfamethazine using ion
exchange materials about 100% sulfamethazine remwes achieved in all cycles
(Fernandez et al., 2014b). However for the remofagjuinoxaline derivatives (carbadox) and
sulphonamides (sulfachloropyridazine, sulfadimethex sulfamerazine and sulfathiazole)
using ion exchange resin, it was reported thatewchange method may not be appropriate
(Adams et al., 2002). In batch mode, the removah ahixture of sulfamethoxazole and
sulfamethazine using a strong anionic resin wasessfully carried out with a higher
capacity of adsorption for sulfamethoxazole; funthere, 100% of both compounds were
recovered during the elution stage (Fernandez.ef@ll4a). lon exchangers can therefore
remove some antibiotics from wastewater signifigantiowever the problems associated
with this type of materials are backwashing ancenegation, with additional problems such

as the appearance of fouling and potential irréblersccumulation (Ustiin et al., 2007).

2.5.BCs

The interest for alternative adsorbents rather #h@nis growing with the purpose of finding
new low-cost yet effective adsorbents, from by-picid or waste materials derived from
industrial or agricultural processes. BC is a ptidmlternative to AC that could be used for
antibiotic removal. The raw materials for BC protioic can be obtained from agricultural
biomass and solid waste which are abundant witle ltost (Xu et al., 2013). BC can be
prepared by various methods and has many integeptioperties such as low cost, highly
porous structure and high removal capacities f@aoic and inorganic pollutants from
aqueous solution (Ahmed et al., 2014b). For examBlé is usually produced under a
temperature range of 300-1000°C in the presencabeence of minimal oxygerx (2%)

through the process of slow or fast pyrolysis. Bhkimds of treatment convert the biomass
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materials into products with a high surface areangwto porous structure. In addition,
enriched surface functional groups make BC suitablee used as a prominent adsorbent for
antibiotic removal from aqueous stream (Rajapalethal., 2014). As an adsorbent, BC has
the porous structure almost similar to AC and thas act as an efficient sorbent for the
removal of diverse pollutants from water and wastew(Chen et al., 2007; Faria et al., 2004;
Nakagawa et al., 2004). BC can be produced at @rlovest than AC, where higher
temperature and additional activating agent maydagiired. In most cases, BC does not
require additional activation process like AC faetremoval of antibiotics although some
researchers (Azargohar and Dalai, 2008; Uchimiya.e2012) have performed BC activation
using different activating materials. In particuléris speculated that activation of BC by
steam and/or N purging may enhance its sorption tendency (Ragmaket al., 2014,
Rajapaksha et al., 2015). Thus, the overall pradacif BC is significantly cheaper than AC
as reported in the literature (Cao et al., 200%nghet al., 2010; Karakoyun et al., 2011,
Ahmad et al., 2012a; Lu et al., 2012).

Antibiotic sorption to BC may vary greatly accorgito antibiotic properties as well as
BC properties (Yao et al., 2012; Zhang et al., 200®reover, BCs exhibited similar or even
better adsorption capacity than commercially atdélaACs as being reported in several
studies (Karakoyun et al., 2011; Xue et al., 2@#ang et al., 2012; Yang et al., 2014). BC
can act as a dominant adsorbent for the removantbiotics as it has shown very high
degrees of removal (up to 100%) depending on antiibclassesin studying the adsorptive
removal of sulfonamides (sulfamethoxazole and pylidine) on BC (Table 6), it was
reported that pinewood BC which was prepared uwiifézrent thermochemical conditions
exhibited strong adsorption capacity (Yao et @12 Xie et al., 2014). In addition, the high
removal efficiencies of up to 100% for antibiotitsrfenicol and ceftiofur were achieved on
pinewood BC (Table 6) which demonstrated the paikof BC as an effective adsorbent for

removing antibiotics from sewage and other contateith effluents (Mitchell et al., 2015).
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Teixido et al. (2011) reported a high Kalue (16 L/kg) for the removal of sulfamethazine on
BC while Liu et al. (2012) observed the maximum aagson capacity (58.8 mg/g) for
tetracycline on biomass-derived BC.

Based on the available data for different adsogenth as BC, MWCNT, graphite and
clay minerals (Zheng et al., 2013; Ji et al., 2Q0Btele-Burhn et al., 2004), the relationship
between K for sulfamethoxazole and adsorbents is shown guirgi 1, suggesting that these
adsorptive materials followed the general tren@6600 > BC 500 > MWCNT > graphite =
clay minerals. However for the removal of tetragyel (Figure 2), adsorptive materials
followed a different trend: SWCNT > graphite > MWTN:= AC > bentonite = humic
substance = clay minerals (Ji et al., 2009a).

In summary, adsorption technology can be applieddmoving different antibiotics from
water and wastewater containing a whole suite bértnorganic and organic components,
often with a very high efficiency. To ensure theleviapplication of adsorption technology at
commercial scale, the cost reduction in the prejmaraf effective adsorbents will remain to
be a constraining factor, and to that end BC pedmar has the greatest potential for

exploitation as a research topic (Liu et al., 2004xido et al., 2011; Yao et al., 2012).

3. Antibioticsremoval: kinetics, isotherms and mechanism

3.1. Adsor ption kinetics

The kinetics of adsorption not only determine tate rof antibiotic removal from water and
wastewater, but also the size and capital costoctdiah adsorption system required for
commercial applications. Adsorption kinetics tygliigénvolve four steps: bulk transport, film
transport, intra-particle transport and adsorptonthe adsorbent. Often the rate controlling
step is film transport which is governed by molecwiffusion in the boundary layer. Kinetic
modelling is performed to investigate the ratehs tontrolling steps during the removal of

antibiotics from solution by adsorbents. There difeerent differential equations being used
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for kinetic modelling in both batch and continucsisstem; these equations are solved by
using integral method (Han et al., 2009). Many atght kinetic models have been used
including zero order, first order or pseudo firstier, second order or pseudo second order
and third order to describe the kinetics of adsomtKinetic parameters such as the rate
constants, equilibrium adsorption capacities ardted correlation coefficients for pseudo
first-order and second-order kinetic models wesesassed and summarized in Tables 7a and
7b. Some of the parameters are described beloWgding the effects of initial concentrations
of adsorbate and adsorbent and contact time okirteéics of adsorption.

Effect of initial concentrations of adsor bate and adsor bent

The initial relative concentrations of adsorbated adsorbent will determine when the
adsorption becomes saturated, with the consequanadsorbate leaving without treatment
causing a breakthrough. Thus different antibiotds potentially have different equilibration
time to reach their maximum efficiency. For examplee breakpoint time was found to
decrease from 37.4 to 25.6 min for sulfamethoxgazaled from 51.8 to 25.5 min for
sulfapyridine as the initial concentration of theilaiotics was quadrupled (Tian et al., 2013).
In general, an increase in adsorbate concentratiariead to a lower removal efficiency. On
the other hand, an increase in adsorbent dosadeesillt in a better removal efficiency
although the operating cost will increase.

Effect of contact time between adsor bent and adsor bate

The contact time between adsorbate and adsorbaritdyg kinetic parameter. In general, it is
preferred that the contact time between adsorbadeaalsorbent will be kept at minimum
while maximum removal can be achieved. However,tdusdsorption kinetic controls longer
than minimum time, i.e. optimum time is requiredetasure sufficient removal of antibiotics
is obtained by reaching a dynamic equilibrium (Geb@l., 2013)For example, the rate of
penicillin removal was found to reach equilibriuritea 48-72 h regardless of the nature of

carbon adsorbents, where most of the uptake oatwitiin the first 24 h (Ania et al., 2011).
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A complete adsorptive removal of amoxicillin ocadron 50 mg/L of NgCl induced
AC (NAC) within first 20 min. The high’rvalue of NAC and standard AC for the adsorption
of amoxicillin indicated that the kinetic resultere best described by the pseudo second
order kinetic model (Moussavi et al., 2013). Goitdefss to pseudo second order model was
also found for the adsorption of amoxicillin ontcCAand bentonite at pH 2.31 (Table 7b)
(Putra et al., 2009). The kinetics of tetracycladgsorption onto ACs (Table 7a) followed a
very fast decrease in concentration within thet fit8 h, followed by a slow decrease
depending on the adsorbent materials (Torres-Petreit., 2012). Based on the correlation
coefficients (f > 0.98) of adsorption kinetic models of differeamtibiotics (amoxicillin,
cephalexin, penicillin G and tetracycline) on AGible 7b), it was found that pseudo second
order provided the best fit; and the adsorptiorcmaaism was suggested to be chemisorption
(Pouretedal and Sadegh, 2014). The equilibriumamnime was found to be 8 d to reach for
the adsorptive removal of imidazoles when usingmdgIL of AC (Rivera-Utrilla et al., 2009).
On the other hand, the equilibrium contact timesolfamethoxazole adsorption on waste
based carbon was found to be significantly fastet5ato 30 min (Table 7a) (Calisto et al.,
2015). It was also mentioned that the experimetd#d was best described by pseudo second
order with a T value of 0.991, and maximum adsorption capacitydavas found to be 118
mg/g. On the other hand, tetracycline adsorption NeiOH-induced AC reached an
equilibrium at about 120 min with & value of 0.960 (Table 7a), which indicated that the
adsorption kinetics followed pseudo second ordear(ivs et al., 2015).

Adsorption of sulfamethoxazole on BC (Table 7a)cheal equilibrium within 72 h and
neutral sulfamethoxazole (SMXwas dominant at pH 1.0-6.0, and above 7.0 BCasarf
became negatively charged while the sorption oatiegly charged sulfamethoxazole (SMX
) species increased with increasing pH (Zheng.e2813). It is shown in Table 7b that the
adsorption of lincomycine on SWCNTS and MWCNT restlan equilibrium within 100 h

and adsorption kinetics involved two phases: adrapep which was followed by a slow step.
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It was also found that SWCNT had the higher po#énto adsorb lincomycine and
sulfamethoxazole than MWCNT (Kim et al., 2014a).

In using bentonite as adsorbent, it was reported the pseudo second order model
(Table 7b) fitted the kinetic data very welf & 0.99) at low pH value, which was due to the
chemisorption of amoxicillin being dominant (Ho,G&) Putra et al., 2009). In a batch kinetic
study for the adsorption of sulfamethazine on haiteo(Table 7a), it was found that 120 min
was needed to reach an equilibrium (Fernandez.e@l4b). For adsorptive removal of
ciprofloxacin (Table 7b) on bentonite, AC, zeoldaad pumice, it was observed that the
pseudo second order kinetic model was the best Infodditting the data with 7 value of
0.999 (Geng & Dogan, 2015). The equilibrium timelfle 7a) for batch adsorptive removal
on strong anion exchanger was found to be 120 mmcd #00 min, respectively for
sulfamethoxazole and sulfamethazine, and for swfharine (Fernandez et al., 2014a;

Fernandez et al., 2014b), which is relatively fasthe adsorption process.

3.2. Adsor ption isotherms

Equilibrium isotherms are widely used to represiat relationship between the adsorbed
concentration in the adsorbent phase and the dessaioncentration at equilibrium. Such
isotherms are a characteristic feature for a sigesiystem at particular environmental
conditions. There are several adsorption isothewdeis such as the Langmuir, Freundlich,
Brunauer-Emmett-Teller (BET), Temkin, Frumkin, Hasg<Jura, Smith, and Dubinin-
Radushkevich (D-R) isotherms. The Langmuir modeduages monolayer adsorption on
adsorbents which have homogeneous energy distiuthe Freundlich isotherm is an
empirical model suitable for heterogeneous suréatsorption, and the D-R isotherm model is
valid for the adsorption of low concentration ofntaminants onto both homogeneous and
heterogeneous surfaces. The equilibrium adsor@miherms for some antibiotic compounds

are shown in Tables 7a and 7b. For BC adsorberd, atisorption of antibiotics
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sulfamethoxazole and sulfapyridine was well fitwith the Freundlich sorption modef (
0.96). For three BC samples namely BC400, BC500 B@800H, it was found that the
adsorption isotherms were highly nonlinear anddibgree of nonlinearity followed the order:
BC500H > BC500 > BC400 (Xie et al., 2014). The woins of sulfamethoxazole sorption on
nondeashed BC was found to be fitted by both Frgzménd Dubinin models with the
adjusted coefficient ’r > 0.952 (Table 7a) (Xie et al., 2014). The isather of
sulfamethoxazole on BC was almost linear (n = 0.9iMplying that the antibiotic
partitioning into the non-carbonized organic mattess dominant (Chen et al., 2008a). With
increasing pyrolytic temperature from 300 to 600tk n values were decreased to 0.198,
which revealed more heterogeneous glassy, hardmiensed sorption dominating on BC
surfaces with high sorption distribution energyriiet al., 1996; Zhang et al., 2011).

For CNT adsorbent, the adsorption of lincomycines wat well fitted by the Langmuir
isotherm (f < 0.70), indicating that the adsorption was notpofe monolayer type. In
comparison, the Freundlich model (Table 7a) watebstited to the adsorption data wither
0.93, and values of n were substantially smallentii suggesting more heterogeneous
adsorption sites on the adsorbents. The highesieval Freundlich affinity constant (K
obtained from the isotherms was from SWCNTSs, aedyineral trend was SWCNT > PAC >
MWCNT (Kim et al., 2014a). It was proposed that #tgaction of acceptor-acceptor, and
acceptor-donor pairs between the antibiotics (mdtthoxazole and sulfamethazine) and the
CNTs were responsible for the observed strong atisarof antibiotics onto CNTs at lower
pH values (Tian et al., 2013). In another studyhefadsorption of amoxicillin on CNT, three
models namely the Langmuir, Freundlich and D-R wlerend to provide a good fit to the
adsorption data {r> 0.91), and the Langmuir isotherm (Table 7b) juted the best fit (g
value 23.458 mg/g, bvalue 2.5 x10 L/mol, ¥ > 0.99), indicating saturated monolayer
sorption (Mohammadi et al., 2015). The Freundlideaaption isotherm provided the best fit

for the removal of sulfonamide with adsorption noeérity (as indicated by the smaller n
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values) (Ji et al., 2009b). The adsorption isotlseoh sulfamethoxazole, tetracycline, and
tyrosine were also well fitted by the Freundlicbtieerm model (Table 7a)*(> 0.98) with n
value significantly smaller than 1, which reflectibat the adsorption was consistently highly
nonlinear (Ji et al., 2010).

For AC adsorbent, thé values of the Langmuir isotherm were greater thase of other
isotherms which indicated that amoxicillin molegukadsorption occurred as monolayer
(Table 7b). It was also found that the maximum ntayer adsorption capacities were 262
and 437 mg/g, respectively for standard AC and#@Hinduced AC (Moussavi et al., 2013).
Another study on standard AC for the adsorptiotetfacycline revealed that the Freundlich
model proved to be the best fit & 0.985), and the maximum adsorption capacity{g 817
mg/g) was observed for a commercially available @ATorres-Pérez et al., 2012). It was
also found (Table 7b) that the Langmuir isotherf>(0.980 and higher p provided the best
fit for the removal of amoxicillin, cephalexin, geillin G and tetracycline on AC (Pouretedal
and Sadegh, 2014). The correlation coefficientedtti> 0.99) on AC (Table 7b) indicated
that the Langmuir isotherm was the best fit and ¢bastant (b increased in the order:
dimetroimidazole > metronidazole > ronidazole >dazole, which might be related to the
decreased solubility of these nitroimidazoles intewawith increasing absorption energy
(Rivera-Utrilla et al., 2009). Sulfamethoxazole @gigion on waste based AC was found to be
best matched with the Freundlich isotherm £r0.987) with K value of 0.308+0.008 "L
mmol*"kg (Calisto et al., 2015). For the adsorption of ®fcdine on NH-CI induced AC
(Table 7a), isotherm models of the Langmuir, Fréichcand Temkin also provided a good fit
to the experimental data (Martins et al., 2015)e Thvalue (14.63) from the Freundlich
isotherm indicated that the physisorption was faable.

For bentonite adsorbent, the Langmuir model wasidoto provide the best fit for the
adsorption of amoxicillin (Putra et al., 2009) with of 0.9886 and g of 53.9 mg/g.

Similarly the Langmuir model was found to be mougable than the Freundlich model for
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the adsorption of ciprofloxacin on bentonite withvalue of 0.939 and.gyvalue of 147.1
mg/g (Geng et al., 2013).

For ionic exchange resins (Table 7a), the adsarpsiotherm of sulfamethazine on strong
anionic resin in a fixed bed showed that the Langmadel correlated with the experimental
data well, with T value of 0.981 and.gy value of 110 mg/g (Fernandez et al., 2014b). In
another study, it was found that the Langmuir moslat the best fit for the adsorption of
sulfamethoxazole and sulfamethoxazole on strongrnaakchanger resin (Fernandez et al.,
2014a).

It can be summarized that antibiotic adsorptiordifferent adsorbents followed different
pattern, with BC and CNT following multi-layer caege whilst AC, bentonite and ion
exchange resin followed monolayer coverage.

Some of the factors that affect adsorption isotlsesne described below:

Affinity of adsorbate to adsor bent

Affinity of adsorbate is a prime factor that goverthe mechanism of adsorptive materials. In
general, if the affinity of adsorbate molecule tsa@rbent surface is high then there is a high
tendency for adsorption to take place. The adsmmptf ionic compounds was greatly
governed by the electrostatic interaction betweatsoebent surface and adsorbate
(Lertpaitoonpan et al., 2009; Tolls, 2001). It wlsind that the strength of adsorbate-
adsorbent interactions may modify due to a scregeiifect in the presence of electrolyte
solution (Radovic et al., 2001). The affinity ofsadbate is also dependent on the properties of
the adsorbate molecules.

Physicochemical characteristics of adsor bate and adsor bent

The surface of adsorbent raw materials such a®bia&tappears to be closely packed flacks
in contrast tdhe ragged appearance of the thermal activatedtsteu(Toor and Jin, 2012).
After thermal activation, adsorptive materials géwe appearance of a more porous structure

due to interlayer spaces collations. Moreover, sathemical activation of adsorptive

18



materials generated a more porous structure asawetiore oxygenated functional groups on
their surfaces than thermal activation only (Madik al., 2006; Toor and Jin, 2012). The
changes in molecular structure and chemical cortiposof the adsorbents depend upon the
activation methods and conditions to be used facifip adsorbate removal. Excessive
heating may lead to irreversible collapse of stitetand interlayer spaces of the adsorbents.

The edges of the platelets porous surface are tirsbe attacked by the adsorbate
molecules as it is more virgin. Thus different mtions between adsorbate and adsorbent
surface occur between surface of the adsorbenthendctive site of the adsorbate. In general,
the increase in surface area of adsorbents progdester chance for more interactions with
adsorbate molecules. The pore size of the adsorhaptbe either macro or micro in nature
depending on the raw material and activation method
Effect of temperature
The effect of temperature on the adsorption ofbémtic molecules by adsorbent can be
calculated by thermodynamic equations:

AG® = AH° - TAS® Q)
AG® = -RT In K, (2)

where AG® is the Gibbs free energyH° is the total enthalpy of the solutions° is the
entropy of the reaction in solution, R is the undad gas constant (8.314 J/mol K), iK the
equilibrium constant representing the ability o€ thdsorbent to retain the adsorbate and
extent of movement of the adsorbate within the tgmiy and T is the absolute temperature
(K). In general, the adsorption reactions are exotiic and spontaneous with negativid®
and AG® values and higher degree of randomness foripegiS° value (Lian et al., 2009;
Pouretedal and Sadegh, 2014). For the endothexdsorption reactions, positive value of
AH? indicates that the adsorption of organic molesunto the surface of the solid involve a
chemical reaction which may be due to the protomathydrogen bond formation or van der

Waals forces (Pouretedal and Sadegh, 2014). Famgbe, in studying the adsorption of 40
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mg/L of ciprofloxacin using bentonite and AC, negatAG®° values (-4340 and -843 J/mol),
positive AH® values (8662 and 7739 J/mol), and posith&® values (44.1 and 29.1 J/mol K)
were observed for bentonite and AC, respectivel222C. The results indicated that some
structural changes were occurring on the adsorharféces, and the randomness at the solid-
liquid interface was increased during the adsonppimcess (Geng and Dogan, 2015).

Effect of solution pH

The solution pH is a critical parameter for an effifee interaction between adsorbate and
adsorbent (Acemiglu, 2004). The influence of pH on adsorption is mhadependent on the
type of carbonaceous materials and the target congants. It not only affects the adsorbent
surface charge but also affects the degree of atiniz and speciation of the adsorbate
(Kotodynska et al., 2012; Li et al., 2013; Regmi et al120 As carbonaceous materials carry
various surface functional groups mainly oxygentaiming groups e.g. -COOH and —OH,
thus the behaviour of these functional groups céamwgth solution pH. When the pH of the
solution is increased or decreased then the pagertf removal may change as a result, thus
the optimum pH for the effective removal of speciintibiotics should be determined. For
example, in the pH range of 1.0-6.0, Skas dominant and the BC surface was negative;
but at pH > 7.0, SMXwas dominant (> 71.5%) and the BC surfaces weongly negative
(Zheng et al., 2013). Therefore, the molecules dewdsorbed and the extent of their
adsorption are highly dependent on solution fos¢hmnisable compounds. It was observed
that NaOH-induced AC showed approximately 100% naahof tetracycline at pH 3.0, 80%
at pH 4.0, and 70% at pH greater than 5.0, heneeofitimum pH was 3.0 for tetracycline
removal (Martins et al., 2015). However, for sommil@otics solution pH did not have a
major effect for their removal as shown for nitrailazoles when solution pH was between 4

and 11 (Rivera-Utrilla et al., 2009).
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The adsorption of adsorbate molecule may be doeinlay the specific driving force, exr.
n electron-donar-acceptor (EDA) interaction witkelectron rich surface and the aromatic

ring of adsorbents.

3.3. Adsor ption mechanism

In general, electrostatic interaction (cation amgiom attractions), hydrophobic effect
(hydrophobic interaction), hydrogen bonds, pamitimto un-carbonized fractions, pore
filling, and other processes (surface precipitatiomn interactions) are the main mechanism
for the adsorption of antibiotics onto the carb@sdd adsorbents such as AC and BC (Tan et
al.,, 2015). Adsorption phenomenon of contaminamsolves four steps: (i) solute
transportation in the bulk, (ii) film diffusion aidsorbate, (iii) pores diffusion of adsorbate
diffusion, (iv) adsorption - interaction betweensarbate and porous structure. These
interactions are strong and more specific than ipaysdsorption and they are limited to the
monolayer coverage (Cooney, 1999).

The potentially different and diverse adsorptionchanism by which antibiotics bind to
carbon materials (BC, CNT and AC) are shown in F@g8. The internal properties of
adsorptive materials play a major role in the aoison of organic compounds as those
materials have heterogeneous surface area duedristing carbonized and non-carbonized
fractions, which possess different adsorption meisma. It was suggested that sulphonamides
adsorption on different BCs well correlated witle ttimount of graphitization which indicated
thatn-n EDA interaction between the adsorbate moleculéstlaa graphite surfaces of the BC
was the predominant adsorption mechanism (Xie.e®@lL4). Sorption of sulfamethoxazole
on BC at low pH (1.0-6.0) was dominated by the smedriving force,n-n EDA interaction
of the protonated aniline ring with theelectron rich graphite surface referring tomdst

EDA, rather than ordinary electrostatic cation ewaye. Above pH 7.0 anionic
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sulfamethoxazole species sorption was increasedbandme regulated via charge-assisted
hydrogen bonds (Teixido et al., 2011; Zheng et28113).

By studying the kinetic data, it was assumed thatrhechanism of antibiotic adsorption
on AC was a chemical reaction i.e. chemisorptioau(Btedal and Sadegh, 2014). It was
mentioned that the electronic density of nitroinzidl@s with their aromatic rings increased
their adsorption on AC and enhanced the chance-ofadsorbate-adsorbent dispersion
interactions. Hence the adsorption process waslynd@termined by the adsorbent-adsorbate
dispersion interactions (Rivera-Utrilla et al., 200However, it was reported that NE
induced AC may show similar mechanism i.e. eletatas interaction, hydrogen bonding
formation, electron donor-acceptor, amert dispersion interaction (Vargas et al.,, 2011
Martins et al., 2015).

Adsorption heterogeneity and hysteresis are twtufea of antibiotic-CNT interactions.
However, different mechanism may act simultanequslginly hydrophobic interactions;n
bonds, electrostatic interactions and hydrogen bormence the prediction of antibiotic
adsorption on CNTSs is not straightforward. The dwant adsorption mechanism is different
for different types of antibiotics (such as poladanonpolar), thus different models may be
needed to predict antibiotic-CNT interaction. Agaan mechanism will be better understood
by investigating the effects of properties of b&@MNTs and antibiotics along with the
environmental conditions such as solution pH, tenajpee and matrix (Pan and Xing, 2008).
It was reported that the adsorption of very hydiaphantibiotics (lincomycine and
sulfamethoxazole) on SWCNTs might include electatistinteractions and hydrogen bonds,
in addition to hydrophobic interactions (Kim et,&014a). On the other hand, it was highly
expected that sulfamethoxazole and sulfamethoxamt#eacted with the polarized aromatic
rings on the surface of CNTs via the mechanism-ofelectron coupling (Ji et al., 2009b). It
was proposed that-r EDA interaction betweem electron acceptor compounds and the

electron rich regions of the grapheme surface ofT§Nand graphite occurred during
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adsorption (Chen et al., 2008b; Ji et al., 2008a3imilar mechanism was found on KOH-
activated CNT for the adsorption of sulfamethoxazdktracycline and tyrosine (Ji et al.,
2010).

In general, bentonite has different mechanismsaftsorptive removal of contaminants
(Putra et al., 2009). The first mechanism was oa¢rchange where low valence cations in
bentonite structure (Al, Mg?*, F€”*, Na', Ka" and C&") were exchanged by protonated
functional groups within amoxicillin (amoxicillinds positive charge due to the protonation
of amoxicillin carboxyl and amine groups by the sanece of free Hions in the solution).
For carboxyl and amine groups the protonation folake as follows but phenol groups were
not protonated on amoxicillin (Andreozzi et al. 03].

=COO+H > =COOH (There will be free protons when pH is <8).6
=COOH = =COO0+H" (above pH value of 2.68)
=NH,+H > =NH;" (below pH value of 7.49)

The second mechanism was via interactions betweeprbtonated groups (aluminol and
silanol) in bentonite and carboxyl groups in amii®s. The dominant mechanism of
ciprofloxacin adsorption on bentonite was cationh@nge. FQ molecules appear to be better
suited for cation exchange than for cation bridgingsurface complexion. At pH 4.5, cation
exchange between the protonated heterocyclic (Watd positively charged ciprofloxacin
(CIP") and negatively charged montmorillionite surfacewred at pH 7.0, the carboxylic
anion was the dominant species and thus carboxgimup of negatively charged
ciprofloxacin (CIP) interacted with montmorillionite surface (Gengdbogan, 2015; Pei et

al., 2009; Yan et al., 2013b).

4. Adsorbent regeneration and adsorbent production cost estimation

4.1. Adsorbent regeneration
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Recovery of saturated adsorbent is one of the mysirtant steps in the adsorptive removal
of contaminant, as the feasibility of an industaalsorption process largely depends on the
cost of regeneration of spent adsorbents which marreused subsequently. After being
saturated with contaminants, the regeneration ebigdive precursors is dependent on the
type of adsorbents. For example, for carbonacecaterals (AC, BC and CNT) thermal
decomposition processes are most widely used. Taerethree thermal methods for the
regeneration of carbonaceous materials namelyy(lysis, (ii) pyrolysis-gasification and
(iif) gasification. Pyrolysis and gasification tethues for AC regeneration in a thermo
balance at different ranges were carried out uaingr CQ (200 cni/min) under N flow,
and it was observed that air gasification achietrezl best result as air had no cost with
minimum time contact of 3 l{Sabio et al., 2004). Other regeneration methodslve
chemical and solvent (e.g. NaOH, HCI, NaCl), micotdgical, electrochemical, ultrasonic,
and wet air oxidation approaches. If the solvemfereration method is to be used then
solvent consumption should be much less than tlgawater (Tamon et al., 1990). For
example, the regeneration of AC was done using 3wf/NaOH (Pouretedal and Sadegh,
2014).

To regenerate CNT columns loaded with sulfamethobeaand sulfapyridine, a solution
containing 30 g/L NaCl and 1.5 g/L NaOH of pH 12swesed, with an excellent recovery of
97% for sulfamethoxazole and 91% for sulfapyridirspectively (Tian et al., 2013). Tian et
al. (2013) also observed that each regeneratiole ecgcduced the capacity of the adsorption
bed by 8-26% for both antibiotics, but permitted ttolumn to be reused multiple times with
an acceptable antibiotic sorption capacity. It vadso reported that total amoxicillin from
MWCNT can be regenerated using 0.1 mol/L of NaOH HICI, followed by distilled water
(Mohammadi et al., 2015). Bentonite can be regegrdrusing NaOH as solvent (Peng et al.,
2005), and can also be regenerated by thermalntesdt (Lin and Cheng, 2002). Once

desorbed, the antibiotic-loaded solvents shouldlisposed carefully e.g. by incineration to
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eliminate pollution as well as utilizing the energntent of solvents, as otherwise antibiotics
will be transferred from water to another phase. lkighly concentrated chlorine containing

solvents, flue gas from incineration should befirdifor removing chlorine before emission.

4.2. Estimation of adsor bent production cost
The adsorbent precursors are mostly produced fgriowtural (e.g. biomass), industrial (e.g.
timber) and municipal (e.g. sewage) solid wastechEaf individual preparation process of
adsorptive precursors has different reagents angegnt cost The total cost of adsorptive
materials can be calculated by equation 3:

Total cost = Production cost + Regeneration cddtocess loss cost 3)

The production cost involves raw material and dosor preparation, and
in most cases the raw material cost is relatively br even negligible , depending on local
precursor availability. Using BC as an exampleciist depends on the local supply of raw
materials, processing requirement, reactor avditiabpyrolysis parameters, value added co-
products production, and material recycling in thié& cycle (Mohan et al., 2014).

For CNTSs, their operational cost in wastewatertinesmt could be lower than for other
commercial carbon sorbents such as ACs (Tian e2@l3). CNTs can perform as better
adsorbents under many circumstances than ACs (Radn X¥ing, 2008). But the problem
associated with CNTs is that in most cases theipiodion is not reversible and production
cost therefore becomes too high. For example, inyystg 44 commercially available CNTs,
it was found that the average price was in the gaofy$1,500-$10,000/kg and $45,000-
$140,000%/kg, respectively for MWCNTs and SWCNThadE@t al., 2008; Apul and Karanfil,
2015). In comparison, ACs can be available at atamitially lower price range of $2-5/kg
(Babel and Kurniawan, 2003; Lin and Juang, 2009).

Furthermore, BCs as adsorbents are inexpensivevem bave negligible cost. Their

production technique is also very inexpensive andsdnot consume costly reagents, in
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comparison to AC production and activation whichjuiee high temperature and expensive
reagents. Based on literature data, the cost terdiit BC production has been calculated and
summarized as being in a range of $0.2-0.5/kg basethe frequently reported data, and
focusing on the woody waste BC rather than hardwaseénvironmentally and socially it is
more sustainable to utilize woody wastes than haodi\(Dickinson et al., 2014). The authors
therefore concluded that BC as an effective adsdrban potentially be produced with low
carbon foot print, hence highly beneficial for wateeatment whilst minimizing other
environmental damage such as greenhouse effear @tsorbent such as ion exchange resin
may cost up to $150/kg (Wang et al., 2011). A carapive price chart showed that the
adsorbent cost followed the order of SWCNTs > MWGNTion exchange resins > ACs >

BCs (Figure 4).

5. Integration of adsor ption processinto existing treatment framework

Currently antibiotics are removed from water or tgaster either by batch process or
continuous process using adsorptive materials siscACs, CNTs, bentonite, ion exchange
resins and BCs. As one treatment technology camaotove all contaminants from
wastewater completely, it is necessary to combineenthan one treatment into an integrated
system. In future, considering the different tremt processes and advantages of the
adsorption technology, it is necessary to study itftegration of adsorption process into
existing wastewater treatment system. Already, siomegrated or hybrid systems (Purnell et
al., 2015; Quist-Jensen et al., 2015; Rondon eR@ll5) have been developed and used by
combining with other technologies such as membraaetor (MR), membrane bioreactor
(MBR), high retention membrane bioreactor (HR-MBR)uo et al., 2014), anaerobic
membrane bioreactor (AMBR), enhanced membrane ditoe (eMBR), filtration, osmosis,
reverse osmosis, ozonolysis, chlorination, photdgsis, aeration, anaerobic and aerobic

bioreactors. These technologies may be merged pplaumented with the adsorption
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technology. Some of the new integration treatmgstesns can be (i) MBR- adsorptive
process , (i) MBR— activated sludge» adsorptive process, (iii) MBR> biological AC—
adsorptive process, (iv) MBR> biological AC— adsorptive process> photocatalysis(v)
AMBR — biological AC— adsorptive process photocatalgis, (vi) AMBR — adsorptive
process— UV filtration — photocatalysis, and other potential combinatidiitee combined
treatment will improve the removal of recalcitrant poorly degraded antibiotics and other

trace organic contaminants, as a result of thelyigfficient adsorption technology.

6. Challenges and futur e per spectives in removing antibiotics from contaminated water
Water is becoming ever more polluted in various svgading to concern for human and
animal health. The extensive use of antibioticstf@rapeutic treatment of infections related
diseases in human and animals has caused antib@ttamination of different water bodies
globally. The rapid growth and development in amduad urban areas and industrial
complexes together with population growth haveesiboth the importance and requirement
of appropriate wastewater treatment facilities witlcreasingly complex implementation.
Thus, the important challenges for the'2ntury in the field of antibiotics removal from
wastewater in general and adsorptive technologyifspadly include addressing (i) the role of
science in the development of stringent regulatiand water quality standards preventing
antibiotics being discharged from different sourdeésissues with establishing infrastructure
for the centralized collection of antibiotic contaated wastewater; (iii) advanced wastewater
treatment technology targeted at effective antibioemoval; (iv) waste-derived low cost
adsorptive materials with a high capacity for aotio removal;, (v) final disposal of
antibiotics-loaded adsorbents; and (vi) life cyelealysis of novel adsorptive materials in
order to minimize their carbon footprint.

Some of the future research perspectives include:
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® In-depth cost-benefit analysis of adsorptive matsri(e.g. BCs) including their
production and regeneration using different methods

® Development of fully-integrated adsorption systezombining different technologies by
considering all the important factors such as tneat requirement.

® Establishing large-scale supply chains for the iooous production of adsorptive
materials with high yield and low cost.

® Development of effective and low-cost regeneratemhniques for BCs and other similar
adsorbents.

® Maximizing the adsorptive capacity of adsorbentsnidifying their surface structure
with novel functional groups in order to achievghgelectivity and specificity.

® Experimenting with multiple or mixture adsorbentshwpotentially better performance.

® More studies are needed to examine the effect mipetition from co-solutes in solution

on antibiotic removal by adsorption.

7. Conclusions

The removal of antibiotic residues from water arasi®water by adsorption technology has
been critically reviewed based on extensive sdienteports. It can be summarized that
adsorption is an effective method for antibioticnmval from contaminated waters with an
efficacy of 90-100% at mg/L concentration rangehe Tmost widely used adsorbents with
effective removal are ACs, CNTs and BC. For theaeah of sulfamethazole, it was found
that adsorptive materials followed the order of BC& BC500 > MWCNT > graphite = clay
minerals, while for the removal of tetracycline,sarptive materials followed the trend:
SWCNT > graphite > MWCNT = AC > bentonite = humigbstance = clay minerals. The
high material cost and potential high regeneratiosts are the major drawbacks for both ACs
and CNTs. In comparison, BCs can be prepared ajréfisantly lower cost with equal or

better adsorptive capacity for antibiotic removance should be explored further. It was
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found that the cost of adsorbents followed the o SWCNTs > MWCNTSs > ion exchange
resins > ACs > BCs. Adsorption equilibrium was welbdelled by either the Langmuir
isotherm or the Freundlich isotherm, while adsanptkinetics often followed pseudo second
order. The mechanism of antibiotic adsorption ptadlg involved n-t EDA interactions,
electrostatic interactions, hydrophobic interactibpdrogen bonds, and pore filling. Further
research should focus on improved understandingdsiorption mechanism, in order to
prepare functionalized adsorbents with better $ipégi and selectivity for antibiotics. In
addition, research efforts should be directed timtpscale or even commercial scale
adsorption experiments so that the operating cbsdadsorption technology can be fully
evaluated. With thorough knowledge of molecularoapison mechanism, better methods of
regenerating spent adsorbents, and full cost-berefalysis of commercial adsorption
columns, the application of low-cost and highlyeetive adsorbents such as BCs in removing
antibiotic residues from waste streams will becowidely adopted in safeguarding our

precious water resources.
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Table 1
Physicochemical properties of major types of antibiotics investigated by different studies.

Class Compound Acronym CAS number logke,, pKq Molecular mass Molecular formula Reference
Chloramphenicols Chloramphenicol CAP 56-75-7 1.14 323.13 C12H12CIN,05 Yan et al. (2013a)
(CPs) Thiamphenicol TAP 15318-45-3 —0.27 356.22 C;12H15C1,NOsS

Florfenicol FF 76639-94-6 037 358.21 Cy2H14Cl,FNO4

Macrolides (MLs) Erythromycin ETM 59319-72-1 3.06 89 731.95 C33HeoNO; 2 Yan et al. (2013a)
Roxithromycin RTM 80214-83-1 275 9.17 837.05 C41H76N2045

Sulfonamides (SAs) Sulfadiazine SD 68-35-9 —034 2.0/6.48 250.28 Cq10H10N40,S Qiang and Adams (2004),
Sulfamerazine SM 127-79-7 0.44 2.06/6.90 264.30 C11H12N40,S Yan et al. (2013a),
Sulfamethazine SMT 57-68-1 0.14 2.65/7.65 278.34 C12H14N402S Yang et al. (2011)
Sulfamethoxazole SMX 723-46-6 0.89 1.6/5.7 253.28 C10H11N305S
Sulfathiazole ST 72-14-0 0.05 22/7.24  255.32 CoHgN30,S
Sulfapyridine SP 144-83-2 0.35 2.9/8.54 249.29 C11H11N30,S

Tetracyclines (TCs) Tetracycline TC 60-54-8 —1.37 33 444 .43 CooHo4N,0g-HCI Qiang and Adams (2004),

Yan et al. (2013a),
Yang et al. (2011)

Chlortetracycline CTC 64-72-2 n/a 3.3/7.55 51534 C22Ha3CIN,Og. HCI
Oxytetracycline OTC 2058-46-0 —0.9 9.5 496.90 C22H24N20g-HCl
Doxycyclinehyclate DXC 24390-14-5 237 3.02/7.97 544.98 C2H24N2049-HCI

Flouroquinolones (FQs) Norfloxacin NFC 70458-96-7 —0.46 3.11/6.10 319.33 Ci6H1g FN3O3 Qiang and Adams (2004),
Enrofloxacin EFC 93106-60-6 0.70 3.85/6.19 3594 Ci9H2o FN303 Yang et al. (2011)
Ciprofloxacin CIP 85721-33-1 0.28 6.09 331.34 Cy7H18 FN3O3
Ofloxacin OFC 82419-36-1 —0.02 331.34 CygHz0 FN303

Imidazoles Metronidazole, fenbendazole, —0.02-39 24 171.5-315.3 Thiele-Bruhn (2003)
oxfendazole

[3-Lactams Penicillins, ampicillin, 0.9-29 2.7 334.4-470.3 Thiele-Bruhn (2003)
meropenem, cephalosporins,
ceftiofur, penicillin G, cefotianm

Others Carbadox CARB 6804-07-5 262.2 Cy1H10N404 Qiang and Adams (2004)
Lincomycin LNCM 859-18-7 7.80 443.0 C18H34N206S-HCI
Trimethoprim TRMP 738-70-5 3.24/6.76 290.3 Cy14H18N405
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Table 2

Summary of the antibiotic removal by AC adsorbents applied in the treatment of contaminated water.

Antibiotic class/compound Adsorbate concentration (mg/L) Operating condition Removal Reference
3-Lactams/amoxicillin 300 pH 2-7,0.1-3.5 g AC, 30 °C 95% Putra et al. (2009)
50 0.4 g/L PAC,pH6,>50 °C 99% Moussavi et al. (2013)
20 pH 2,45°C,0.4 g/L AC,time 8 h 74-88% Pouretedal and Sadegh (2014)
Cephalexin 20 pH 2,45°C,0.4g/L AC,time =8 h 74-88% Pouretedal and Sadegh (2014)
Imidazoles/nitroimidazoles 100-600 25°C, pH 2-11, Rivera-Utrilla et al. (2009)
Dimetridazole 0-0.1 M NaCl, 1 g/L AC
Metronidazole
Ronidazole 150 25°C,0.2-1 g/LAC,pH 7 90% Méndez-Diaz et al. (2010)
Tinidazole
Penicillins/penicillin G 20 pH 2,45°C,0.4 g/L AC, time 8 h 74-88% Pouretedal and Sadegh (2014)
50 pH 6, batch process, 25 °C, time 48-72 h Ania et al. (2011)
Quinoxaline derivatives/carbadox 50 Time 4 h, 0.66 g PAC, pH 7 >90% Adams et al. (2002)
Sulphonamides/sulfamerazine 50 Time 4 h, 0.66 g PAC, pH 7 >90% for PAC Adams et al. (2002)
Sulfamethazine
Sulfathiazole
Sulfachlorpyridazine
Sulfadimethoxine
Sulfamethoxazole Time 1.5-3 min 100% Stackelberg et al. (2007)
Ciprofloxacin 20-40 Batch: 22 °C, pH < 5.5, 0.0125 g GAC 87% Geng and Dogan (2015)
Tetracycline 50, 100, 300 Batch, time 120 h, pH 3.4-11 Torres-Pérez et al. (2012)
20 pH 2,45°C,0.4 g/L AC,time 8 h 74-88% Pouretedal and Sadegh (2014)
600 pH 3-10 Martins et al. (2015)
Trimethoprim 50 Time 4 h, 0.66 g PAC, pH 7 >90% by PAC Adams et al. (2002)
50 pH 4-10, 25 °C, 0-3 g/LAC >90% Kimet al. (2010)
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Table 3

Summary of antibiotic removal process by CNTs applied in the treatment of contaminated water.

Antibiotic class/compound Adsorbate concentration (mg/L) Operating condition Removal Reference
3-Lactams/amoxicillin 80 Batch: 0.1-0.2 g MWCNT, pH 4.6, time 120 h 86.5% Mohammadi et al. (2015)
Lincosamides/lincomycin 12,000 Batch: 20 °C, pH 6.0, time 100 h >90% Kimet al. (2014a)
Sulphonamides/sulfamethoxazole 12,000 Batch: 20 °C, pH 6.0, time 100 h >90% Kimet al. (2014a)
Sulfamethoxazole 200 Fixed bed column: pH 3.0-9.0, time 2 h 96% Tian et al. (2013)
Sulfapyridine
Sulfamethoxazole 0.21-2.50 Batch: 15 mg MWCNT, pH 5.7-6.2 80% Jiet al. (2009b)
Sulfapyridine
Table 4
Summary of antibiotic removal by clay material (bentonite) applied in the treatment of contaminated water.
Antibiotic class/compound Adsorbate concentration (mg/L) Operating condition Removal Reference
[3-Lactams/amoxicillin 300 pH 2-7,0.1-3.5 g adsorbent, 30 °C 88% Putra et al. (2009)
Flouroquinolones/ciprofloxacin (CIP) 50-500 Batch: contact time 30 min, pH 4.5, 2.5 g/L bentonite 99% Genget al. (2013)
20-40 Batch, 22 °C, pH <5.5,0.0125 g adsorbent 87-91% Geng and Dogan (2015)
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Table 5
Summary of antibiotic removal by ion exchange resins applied in the treatment of contaminated water.

Antibiotic class/compound Adsorbate concentration (mg/L)  Operating condition Removal Reference
Sulphonamides/sulfachloropyridazine 10 pH7.0,25°C, time 15d ~90% Choi et al. (2007)
Sulfadimethoxine MIEX? resin treatment: pH 7.0, 25 °C,

Sulfamerazine 0.5-5.0 mL/L resin, time 24 h

Sulfamethazine

Sulfamethoxazole

Sulfamonomethoxine

Sulfathiazole

Sulfamerazine 50 Time 4 h, 0.66 g ion exchange resins, pH 7 >90% for PAC  Adams et al. (2002)
Sulfamethazine

Sulfathiazole

Sulfachloropyridazine
Sulfadimethoxine

Sulfamethazine 200-400 Fixed bed: room temp., 1.3 g resin, time 100 min 100% Fernandez et al. (2014b)

Sulfamethoxazole 30-350 Batch and continuous, time 120 min Fernandez et al. (2014a)

Sulfamethazine

Quinoxaline derivatives/carbadox 50 0.66 g strong-acid cation and strong-base anion Adams et al. (2002)
resins, pH 7

Tetracyclines/chlortetracycline 10 pH7.0,25°C, time 1dand 15d,0.5-5.0 mL/Lresin  >80% Choi et al. (2007)

Democycline

Doxycycline

Meclocycline

Minocycline

Oxytetracycline

Tetracycline

Trimethoprim 50 Sorption: time 4 h, 0.66 g ion exchange resins, pH 7 Adams et al. (2002)
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Table 6

Summary of antibiotic removal by BC adsorbents applied in the treatment of contaminated water.

Antibiotic Adsorbate concentration (mg/L) Operating condition Removal Reference
Amphenicol/ florfenicol 50 Batch: 0.4 g BC, 22 °C,time 24 h 100% Mitchell et al. (2015)
Ceftiofur 50 Batch: 0.4 g BC, 22 °C, time 24 h 98-100% Mitchell et al. (2015)
Sulfamethoxazole 125 Batch: 35 rpm, time 72 h, pH 5 Zheng et al. (2013)
10 0.1gBC,22+05°C Yao et al. (2012)
Sulfamethazine 0.001-0.1 pH 5,48 h,20 + 0.2 °C Teixidé et al. (2011)
Sulfamethoxazole 50 Batch: 10-15 mg BC, pH 6 Xie et al. (2014)
Sulfapyridine
Tetracycline 50-1000 0.1gBC,30°C Liu et al. (2012)
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Table 7a
Model parameters for the equilibrium isotherms and kinetics of adsorptive materials during antibiotic removal from contaminated water.

Antibiotic Adsorbent Equilibrium model Kinetic model Reference
Langmuir parameters Freundlich parameters Pseudo 1st order Pseudo 2nd order
Qmax l-"L l'2 n KF l.2 Qe kl rz qe k2 r2
Sulfamethazole BC500H 0.20 + 0.01 0.164 + 0.009 0.98 Xie et al. (2014)
Sulfapyridine 0.16 &+ 0.01 0.143 + 0.008 0.96
Sulfamethazole BC500 0.256 +£0.012 2.54 4+ 0.0197 0.952 Zheng et al. (2013)
(SMX) BC600 0.198 £ 0.011 294 4+ 0.0106 0.955
WBC 118 £5 0982 3.1+0.2 0308 = 0.008 0987 111 0.15 0978 118 0.0021 0991 Calisto et al. (2015)
SWCNT 0.31 £+ 0.06 6.38 + 2.91 0.931 Kim et al. (2014a)
MWCNT 0.48 + 0.05 2.01 +£0.51 0.986
PAC 0.30 £+ 0.02 3.78 + 0.46 0.993
SWCNT 0.40 + 0.01 5.2 4+ 0.400 0.992 Jiet al. (2010)
MWCNT 0.347 + 0.007 2.3 +0.100 0.996
Anion Exchange 263 0.017 0.997 Fernandez et al.
(2014a)
Sulfamethazine Anion Exchange 110 0.043 0.981 Fernandez et al.
(SM2) (2014b)
110 0.043 0.995 Fernandez et al.
(2014a)
Tetracycline SWCNT 0.095 +0.004 1.4 +0.300 0.976 Jiet al. (2010)
MWCNT 0.104 + 0.005 0.800 + 0.020 0.977
BP-H,0 288.3 0.2075 0.990 0.15 0.30465 1.000 Torres-Pérez et al.
PH-H,0 28.0 15393 0.972 0.10 0.0418 0.985 (2012)
GAC1 133.1 0.0533 0.998 0.21 0.09607 0.999
GAC2 816.7 1.7809 0.987 0.10 1.2033 0.999
BP-H,0 308.8 0.0621 0.929 0.29 0.15457 0.969
GAC2 549.5 1.0944 0.990 0.06 0.9535 0.995
AC 1.98 1.87 0.980 0.54 0.960 0.002 0910 0.233 0.990 Pouretedal and
Sadegh (2014)
NaOH-AC 455.8 097 1463 0.7769 0970 3819 0204 0.89 408.3 0.00073 0.960 Martinset al.(2015)

e, Qmax = Mg/g, by = L/mol, K = (mmol' ~ "L"kg~ '), ks = min~ ', k; = (mg g~ " min) ~!, BC500-600 = BC from 500 °C and 600 °C, BC500H = 500 °C pyrolyzed BC with hydrogenation,
WBC = Waste based carbon, PH-H,0 = AC from peanut hulls with steam activation, BP-H,0 = AC from beet pulp with steam activation, GAC1&2 = commercial GAC 1&2, SAC = standard
AC, NAC = ammonium chloride induced AC.

50



Table 7b

Model parameters for the equilibrium isotherms and kinetics of adsorptive materials during antibiotic removal from contaminated water.

Antibiotic Adsorbent Equilibrium model Kinetic model Reference
Langmuir parameters Freundlich parameters Pseudo 1st order Pseudo 2nd order
Grmax b, 2 n Ke 2 Qe kq 2 Qe ka 2
Amoxicillin MWCNT 23458 2.50e—5 0.999 0.3749 3.000 0918 Mohammadi et al.
(AMX) (2015)
SAC 261.8 0.166 0.998 495 0.2448 0.96 83.3 0.044 0983 125 0.001 0.998 Moussavi et al.
NAC 438.6 0.128 0994 27 0.2086 0.959 40.29 0.099 0961 1266 0.013 0999 (2013)
AC 7367 2.51 0.980 0.54 0.900 0.005 0.890 0.009 0.980 Pouretedal and
Sadegh (2014)
Bentonite  53.93 0.988 0.0044 0.965 19.55 0.009 0979 20.82 5.243 0.993 Putraet al. (2009)
AC 221.868 0.994 0.0336 09905 24.29 0.229 0988 26.71 0.021 0.998
Cephalexin AC 7.08 1.08 0.980 0.11 0910 0.004 0.890 0.017 0.990 Pouretedal and
Penicillin G AC 841 3.10 0.990 0.89 0910 0.004 0.910 0.094 0.990 Sadegh (2014)
Lincomycine SWCNT 0.22 £+ 0.02 1.03 +0.17 0.985 Kim et al. (2014a)
(LCN) MWCNT 0.35 +0.03 0.287 + 0.049 0.987
PAC 0.27 +0.03 1.00+0.18 0.968
Nitroimidazole  AC 287.532 0.0235 >0.999 1.451 0.932 Rivera-Utrilla et al.
Metronidazole  AC 28791 0.0233 >0.999 2.4478 0.893 (2009)
Dimetridazole AC 257.162 0.0565 >0.999 0.8098 0.885
Tinidazole AC 378.283 0.0246 >0.999 1.807 0.928
Ronidazole
Tyrosin SWCNT 0.097 £+ 0.004 0910+ 0.001 0.983 Jiet al. (2010)
MWCNT 0.127 + 0.004 0.650 + 0.001 0.989
Fluoroquinolone Bentonite 147.1 0.0106 0.9392 261 0.04488 0.9006 99 0.3571 Geng et al. (2013)
Ciprofloxacin Bentonite 137.1 0.065 0.817 1389 0.0052 0.999 Gen¢ and Dogan
(CIP) AC 93.49 0.049 0952 95.24 0.0033 0.998 (2015)
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Fig. 1. Adsorption coefficient (Kq) for the removal of sulfamethoxazole by different
adsorbents.
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Fig. 2. Adsorption coefficient (K,) for the removal of tetracycline by different adsorbents.
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Fig. 3. Adsorption mechanism during the adsorption oftaotics by carbonaceous materials.
Modified from Tan et al. (2015).

53



Price of adsorbent ($/kg)
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Fig. 4. The commercial price of different adsorbents.
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