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Graphical abstract

Highlights
» Chitin:nGO hybrid is used as ciprofloxacin continuous adsorbent for the
first time.
» Components’ source and matrix reusability make this material a low-cost
adsorbent.
» The material adsorption performance is strongly dependent of medium
pH.

* The chitin:nGO probes to be applicable to real water samples.

Abstract

A novel nanostructured material was successfully developed by combining a
chitin matrix with graphene oxide nanosheets (Chi:nGO) and then used for the
continuous flow adsorption of ciprofloxacin. The spectroscopic characterization
indicated that none covalent interaction between both components would be

occurring and the introduction of nGO did not interfere in chitin nanostructure
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rearrangement during gelling and later drying. SEM images and Mercury
Intrusion Porosimetry results showed a wide pore size distribution ranging from
nano to micrometers. The continuous flow adsorption was observed to be
dependent on the pH which affects the electrostatic interaction. The flow rate, Na*
concentration and water hardness were evaluated to describe the adsorption
process. The resistance to alkali allowed to regenerate and reuse the column for
subsequent adsorption cycles. Finally, ciprofloxacin spiked real water samples
were assessed and the results confirmed that the medium pH was the main

parameter that defines the adsorption behavior.

Keywords: chitin; graphene oxide nanosheets; nanocomposite; continuous

adsorption.

Introduction

Emerging contaminants are defined as chemicals that had not been previously
detected in water supplies (or were found in far lesser concentrations) and
nowadays are discovered either in surface water or groundwater (Petrie, Barden,
& Kasprzyk-Hordern, 2015; Van Doorslaer, Dewulf, Van Langenhove, &
Demeestere, 2014). The main groups of emerging contaminants are
pharmaceuticals, personal care products and endocrine disrupting compounds
which could persist in the environment including the drinking water since the
purification processes are not designed to eliminate them (Matamoros, Rodriguez,
& Albaigeés, 2016). Among the pharmaceutical products, ciprofloxacin is a
synthetic antimicrobial derived from nalidixic acid and is one the most common
fluoroquinolone used for antibiotic therapies in humans for urinary and respiratory
infections. Moreover, the use of ciprofloxacin in veterinary has been raising the
last years since it is applied not only as therapeutic but also with prophylactic
purposes in cattle, poultry and shrimp farming (Holmstrém et al., 2003; Teuber,
2001). The main sources of contamination are hospital wastewater and feedlots,
being excretions of humans and animals disposed almost intact due to its low
metabolism. The contact with the environment represents a threat taking into
account that it would induce the proliferation of bacterial resistance (Sharma,

Johnson, Cizmas, McDonald, & Kim, 2016). Ciprofloxacin has been determined



in water and wastewater at concentrations ranging from < 1 pg/L up to 6.5 mg/L
in some cases (Fick et al., 2009).

In the last years several research works described different methods for
ciprofloxacin decontamination. Some of those techniques are enzymatic
degradation, electrochemical and chemical oxidation, photocatalysis and
adsorption (Chen, Gao, & Li, 2015; Ji, Ferronato, Salvador, Yang, & Chovelon,
2014; Prieto, Mdder, Rodil, Adrian, & Marco-Urrea, 2011; Y. Wang, Shen, Zhang,
Zhang, & Yu, 2016; Yan et al., 2013). Most of them present high implementation
costs or are not capable to achieve good water quality except for adsorption which
has a good performance against different contaminants, for example organic
molecules like antibiotics (Rodriguez-Narvaez, Peralta-Hernandez, Goonetilleke,
& Bandala, 2017). One of the advantages of adsorption is the opportunity of scale
up; also, during the treatment, no co-products are released to the environment.
Moreover, either in batch or continuous process, after saturation is reached, many
of the adsorbent materials can be recovered and reused (Huang, Fulton, & Keller,
2016).

Currently carbon and its allotropes, such as graphene, carbon nanotubes and
fullerene have acquired an important role in the development of new
nanostructured materials with several applications in the water remediation field
(Ma et al., 2016; Ncibi & Sillanpad, 2015; Rodriguez-Narvaez et al., 2017;
Suarez-Iglesias, Collado, Oulego, & Diaz, 2017). Graphene is a one-atom thick
layer of graphite where the carbon atoms are distributed in a regular sp?-bonded
network and is one of the most studied materials for the research of new materials
with uncountable applications including pollutant adsorbents due to its extremely
high specific surface (2630 m?/g) (Bonaccorso et al., 2015; Novoselov, 2004).
However, its low solubility, reactivity and high production cost represent a
drawback when it comes to using it at high scale for the adsorption of polar
molecules. The synthesis of graphene oxide nanosheets (nGO) is a facile and low-
cost method for increasing the hydrophilicity and reactivity of the nanomaterial
because of the addition of oxidized functional groups through the chemical
exfoliation of graphite (Sharif, Gagnon, Mulmi, & Roberts, 2017).

Chitin, an abundant biopolymer present in nature, can be found in fungi, the
exoskeleton of insects and the shells of crustaceans, including shrimp and crab, as

well as other invertebrates, such as marine sponges (Guo, Duan, Zhou, & Zhu,



2014). Its structure consists predominantly of unbranched chains of B-(1—4)-2-
acetoamido-2-deoxy-d-glucose. The main source of chitin are the disposals of
food industry, making it a low-cost and sustainable material for polymeric
matrices synthesis since has a good stability against different liquid media, for
instance organic solvents and acid or basic conditions (Guo, Duan, Cui, & Zhu,
2015). Considering its use in column adsorption processes, the porous-like
structure of this polysaccharide exhibits a good performance against increasing
flows and allows to work at low pressure (Ma et al., 2016; McKay, Blair, &
Gardner, 1984).

We state the hypothesis that a nanostructured hybrid material composed by
chitin loaded with nGO can be synthetized by means of a simple method and
successfully applied in a continuous flow system for the adsorption of
ciprofloxacin as an emerging contaminant model. Therefore, the aim of the
present work is to test the dynamic adsorption behavior of the hybrid and study
the main parameters that affect its performance, including real water samples.
Although several researchers have already proved the capability of adsorption of
ciprofloxacin by using pure nGO or combined in different polymeric matrices
most of them only describe the behavior of the material in batch systems.
Furthermore, up to our knowledge, there is not any background in literature
regarding the implementation of nGO in continuous column systems against

emerging contaminants.

2. Materials and methods
2.1. Reagents and materials

Chitin from shrimp shells was obtained from Sigma-Aldrich (USA, calculated
degree of acetylation, DA: 95 %). Graphite fine powder extra pure (particle size <
50 pm) was acquired from Merck (Germany). Calcium chloride dihydrate was
purchased from Cicarelli (Argentina); Methanol was acquired from Sintorgan
(Argentina). Ciprofloxacin hydrochloride was purchased from Saporiti
(Argentina). Water was filtered and deionized with a Milli-Q, Millipore system
(Milford, MA, USA). All other reagents were of analytical grade.

Tap-water was collected from Buenos Aires Autonomous City (Argentina) and
well-water samples were collected from Chascomus city (Buenos Aires province,

Argentina) and Macachin city (La Pampa province, Argentina). Tap-water samples
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were collected from household taps connected to the city water supply network.

Well-water samples were collected from household taps connected to systems of
water pumped from wells. Before collecting the samples, water was let run for 5
min. Waters were stored at 4 °C until the assays.

2.2. Preparation of the Chi:nGO hybrid matrix

The nGO was prepared through Hummers method as described elsewhere
(Hummers Jr & Offeman, 1958). The resulting graphite oxide was exfoliated into
graphene oxide monolayer nanosheets (nGO) by sonication at 35 kHz for 30 min
after dispersion in citrate buffer (0.4 M; pH 4.20). Then the suspension was
centrifuged, and the pellet was washed with water and then with methanol. The
methanol was removed by heating in a stove at 60 °C and the graphene oxide
powder was then stored at room temperature.

The chitin suspension was prepared according to Tamura et al (Tamura,
Nagahama, & Tokura, 2006). Briefly, 42.5 g of calcium chloride dihydrate were
suspended in 50 mL of methanol and refluxed for 30 min at 82 °C to a state of
near-dissolution. One gram of chitin powder was poured into the calcium solvent
and refluxed for 2 h at 90 °C with stirring.

In order to obtain a hybrid material with a chitin:graphene oxide (Chi:nGO)
ratio of 3:1, 10 g of chitin suspension, containing 120 mg of pure chitin, was
mixed with 40 mg of nGO. The Chi:nGO 3:1 proportion was chosen based on our
previous work, where it was observed that lower proportions of nGO presented
lower adsorption capacities and higher nGO proportions do not increment
significantly the adsorption capacity (Gonzélez, Villanueva, Piehl, & Copello,
2015). Wet-spinning method was applied for gelling the Chi:nGO mixture which
was loaded into a syringe and then injected in methanol cooled between -10 and -
8 °C. The gel strand was washed several times with methanol and ultra-pure water
to wash out all the methanol and CaCl: residues. Finally, the gel strand was dried
in stove at 60 °C until constant weight, grinded and sieved by using a 35-mesh
filter. In order to study the effect of nGO addition, the same procedure mentioned

above was applied for the obtaining of a chitin particle material (Chi).

2.3. Chi:nGO matrix characterization



FTIR and FT-Raman spectra were recorded using a Nicolet iS50 Advanced
Spectrometer (Thermo Scientific). FTIR spectra of nGO, Chi and Chi:nGO were
recorded with 32 scans and a resolution of 4 cm™ whereas FT-Raman spectra of
pristine chitin powder and Chi were acquired with an excitation laser beam of
1064 nm, 0.25 W laser power, resolution of 4 cm™, 150 scans. All samples were
previously dried for 24 h at 60 °C to avoid water related bands interference. Chitin
degree of acetylation (DA) was determined by the method proposed by
Brugnerotto et al., which is based on the relationship between a reference band at
1420 cm™ and the amide 111 band at 1320 cm™ by applying the following
equation: A1320/A1420 = 0.3822 + 0.03133DA (Brugnerotto et al., 2001).

The investigation of the ultrastructure of Chi and Chi:nGO was performed by
Small Angle X-ray Scattering using the SAXS1 beamline of the National
Synchrotron Light Laboratory (LNLS), Campinas, Brazil. The SAXS
measurements were performed at room temperature in transmission geometry
with L =1.55 A (8 keV). The 2D SAXS spectra were monitored using a Pilatus
300K detector. A sample to-detector distance of 0.9 and 3 m and an exposure time
of 60 s were used. The samples were placed with their surfaces perpendicular to
the direction of the incident X-ray beam and parallel to the X-ray detector. The
scattering intensity (I) was measured as a function of the scattering vector (q)
from 0.004 to 0.26 AL, The background and parasitic scattering were determined
by using an empty sample holder and were subtracted for each measurement.
Scattering profiles modeling was performed using SASfit software (Breller,
Kohlbrecher, & Thinemann, 2015).

Scanning Electron Microscopy (SEM) images of freeze-dried and gold coated
samples were taken using a Pillips 505 microscope. Mercury intrusion porosity
(MIP) tests were performed by using a Porosimeter 2000 Carlo Erba and pressures
ranging from 1 to 2000 kg/cm?. The intrusion volumes were measured at stepwise
increasing pressures equilibrating at each pressure step.

The pH of the point of zero charge (pHpz) of Chi:nGO 3:1 was determined by
the drift method, where the pH point at which the curve of the final pH crosses the
PHinitiat = pHrinal line is the pHpzc (Lopez-Ramon, Stoeckli, Moreno-Castilla, &
Carrasco-Marin, 1999).

2.4. Adsorption experiments



2.4.1. Batch experiment

Isotherm experiment was carried out by a batch method at room temperature
(25 °C) with constant stirring (120 rpm). 10 mg of Chi:nGO powder were put in
contact with 2 mL of ciprofloxacin solutions in ultra-pure water (pH 6.30) ranging
from 4 to 850 mg/L. Absorbance determinations were carried out at the
characteristic absorption peak by using an UV-Vis Spectrophotometer (Cecil CE
3021, Cambridge, England). The equilibrium adsorption capacity, ge (mg/g), for

all experiments was determined by a mass balance on the ciprofloxacin,

_ (CO_Ce)XV

g = e (1)
where Co (mg/L) is the initial concentration, Ce (mg/L) is the equilibrium
concentration in the liquid phase, V (L) is the volume of liquid phase, and m (Q) is
the mass of the adsorbent.

Blank experiments were conducted to verify the absence of sorbate

precipitation and/or adsorption to the walls of the microtubes.

2.4.2 Column adsorption assays and regeneration

In order to describe the behavior of the matrix against a water source polluted
with ciprofloxacin, a series of experiments were conducted analyzing: flow rate,
pH of ciprofloxacin solution, sodium and calcium concentration and real water
samples from different sources spiked with ciprofloxacin. One hundred grams of
Chi:nGO 3:1 were packed into a Sigma Liquid Chromatography Lauer Lock glass
column (1.0 cm inner diameter and 10 cm in height) with a 1.5 cm bed height. The
matrix was preconditioned by washing it with several volumes of ultra-pure water,
0.1 M HCI, ultra-pure water, 0.1 NaOH and ultra-pure water again, in that order.
Ciprofloxacin solutions were pumped by High Precision Pump P-500 (Pharmacia)
and the effluent concentration was determined by UV detection at 280 nm by
using an online FPLC detector (Pharmacia). All data were collected and analyzed
through PC-Chrom software. Upon column exhaustion, the adsorbed antibiotic
was eluted by using 0.1 M NaOH followed by ultra-pure water until absorbance

reached baseline. The breakthrough curves were plotted as C¢/Co vs time (min),
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2.4.3. Mathematical analysis

The behavior of the adsorbent for all the tested conditions was mathematically
analyzed and described applying a nonlinear regression to Thomas and Yoon-
Nelson breakthrough curve models.

The Thomas model assumes Langmuir Kinetics of adsorption-desorption and
no axial dispersion is derived with the assumption that the rate driving force obeys
second-order reversible reaction kinetics. The model was used to calculate the
maximum solid phase concentration of ciprofloxacin on adsorbent and the
adsorption rate constant. The expression of the kinetic model is given below (Han
et al., 2009),

o= - ©

k
Co e(%h x(qoxm)—(CoxQxt)

where, Co and C: are respectively the influent and effluent concentrations
(mg/mL), krn is the Thomas rate constant (mL/mg min), qo is maximum dynamic
adsorption capacity (mg/g), t is time (min), m is the mass of adsorbent in the
column (g) and Q is the flow rate (mL/min).

The Yoon—Nelson model assumes that the rate of decrease in the probability of
adsorption for each adsorbate molecule is proportional to the probability of
adsorbate adsorption and the probability of adsorbate breakthrough on the
adsorbent. It does not require further information about characteristics of
adsorbate, the type of adsorbent, and the physical properties of the adsorption bed.

The expression of the kinetic model is given below (Han et al., 2009),

Ct e(kyNxt—kynx7)

(4)

Co  1+ekynxt-kynxt)

where, kv is the rate constant (mint), z is time required for 50 % adsorbate

breakthrough (min) and t is time (min).

2.5. Characterization of real water samples



The pH of all samples was measured by pHmeter. Natural water cation
composition studies were carried out by capillary electrophoresis by using a Capel
105M with UV-Vis detector (Lumex, Russia). The capillary column used was 40
cm length and 50 pm inner diameter; constant temperature of 25 °C; injection at
10 mBar for 5 s; constant voltage of 25 kV and indirect detection at 214 nm. The
background electrolyte composition was buffer acetic acid/sodium acetate pH
4.40, 15 mM creatinine and 15 mM hydroxyisobutyric acid (HIBA).

2.6. Goodness-of-fit analysis

All experiments and their corresponding measurements were conducted in
triplicate under identical conditions and the goodness-of-fit was evaluated by the
root mean square error (RMSE) (Hadi, Samarghandi, & McKay, 2010).

3. Results and discussion
3.1. Characterization of the nGO and Chi:nGO 3:1 matrix
3.1.1. Spectroscopic characterization

Fig. 1 shows all the spectra of the raw materials, the intermediate components
and the final Chi:nGO 3:1 hybrid. In comparison with the graphite FTIR signals,
the graphene oxide spectrum shows an increase in the bands corresponding to
oxidized groups, which confirms the chemical exfoliation of graphite into. The
slight band at 1240 cm is attributed to the C-O—C bond stretching which
demonstrates the formation of epoxy groups. Moreover, the presence of carboxyl
and carbony! functional groups can also be detected at 1400 and 1730 cm, which
corresponds to C—OH and C=0 stretching, respectively (Li, Liu, & Ma, 2011). In
the case of pristine chitin, its spectrum shows a doublet at 1655 and 1625 cm™
corresponding to the amide |1 (C—O and C-N stretching, respectively). Other
characteristic bands are the amide 11 band (1540 cm™, N—H stretching), that is
detectable together with the amide 111 band (1390 cm™), and the glycosidic bond
band at 900-1100 cm (C—O-C stretching) (Saito, Putaux, Okano, Gaill, &
Chanzy, 1997). After gelling from chitin to Chi, the doublet around 1640 cm*
appears unified in only one signal and the glycosidic bond band slightly changes
at 1010 cm® suggesting that during the chitin suspension and following gelling a
new arrangement is taking place and the typical structure of a-chitin of

crustaceans partially disappears. The Raman spectra of Chi and chitin powder,



showed in SD1, supports this results since the amide | signal at 1650 cm™ turned
into a broader signal instead of a clear doublet. Considering that this signal
corresponds to the carbonyl amide group which is involved in the formation of
hydrogen bondings, the difference between chitin powder and Chi spectra
confirms the rearrangement among the chitin chains due to the gelling process
(Focher, Naggi, Torri, Cosani, & Terbojevich, 1992). Finally, in the spectrum of
Chi:nGO 3:1 one cannot observe any new bands or the disappearance of
preexisting from the individual spectra of Chi or nGO which indicates that the
interaction between chitin and nGO probably does not involve the formation of a
new functional group as it was described before by Gonzélez et al. (Gonzalez,
Mazzobre, Villanueva, Diaz, & Copello, 2014).

Graphite
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Fig. 1. FTIR spectra of graphite, nGO, Chi:nGO 3:1 hybrid, Chi and commercial

chitin powder.

The nanostructure of the hydrogels obtained by the wet-spinning method and in
the dried state were evaluated by means of the SAXS technique. Fig. 2 shows the
SAXS profiles of commercial chitin powder, the Chi gels and Chi:nGO 3:1 hybrid
at the wet and dried state, with subtraction of nGO profile according to the case.

As can be observed, all profiles of the dried materials follow a power-law
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behavior in the q range of ~0.004-0.04 A™. For the wet materials, a distinct
behavior is observed with a low slope regime followed by a higher slope section
between 0.011-0.1 A, above which a short knee-like regime appears; the wet
materials profiles are typical of disordered materials with more than one structural
level. In the high slope section, all profiles were fitted according to the relation
1(q) ~ q~¢, where the exponent « is associated with the fractal characteristic of the
material and with the network density (Beaucage, 1996; Brinker et al., 1984;
Choudhary & Bhatia, 2012). In the case of dried material, the « values found were
near 3 which is indicative of surface fractals and dense materials and, as could be
expected, the wet materials present lower o around 2.3, indicative of mass fractals
and more expanded networks.

In order to determine the local dimension at low q regime (lower slope) and the
knee-like regime, the scattering profiles of the wet materials were modeled with
the Beaucage unified equation for fractal materials with multiple structural levels
(McConville, Whittaker, & Pope, 2002; Zhang et al., 2015),

(—quE

s, )" ®

ds

(),
~ o\ 3 3 ) (L)
1(q) ~ G +B (=) + 6

where G and Gs are the Guinier prefactors for the larger and smaller structures
respectively, Rgq is the radius of gyration, Rs is the smallest Rg observed at high g,
whereas Rsub is at the high g limit, B and Bs are prefactors specific to the Power-
law scattering, which are specified as the decay exponent P and Ps respectively,
o* = g/[erf (q k Rg/6Y2)]® and gs* = g/[erf (q ks Rs/6Y2)]°. As can be seen in Fig. 2,
as well as the overall profile, the local dimensions of each regime for both Chi
gels and the Chi:nGO 3:1 hybrid appears at similar g. This would mean that the
introduction of the nGO is not altering the conformation of the polysaccharide.
The modeling with Beaucage unified equation confirms this result based on the
similar parameter values obtained: for the knee-like regime at high g, the Rsub
value represented a small ordering of the chitin chains at 14.60 + 0.07 nm and
13.88 £ 0.07 nm for Chi gel and Chi:nGO 3:1, respectively. On the other hand, at
lower q, larger structures are represented by the Rq with values of 131.2 + 0.2 nm
and 149.4 + 0.2 nm, respectively. As it was mentioned above, after drying, these

structures collapse leading to more packed materials.
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Fig. 2. SAXS profiles of commercial chitin powder and Chi and Chi:nGO 3:1 at

dry and wet state. The insets in both figures show the « of each material.

3.1.2. Microscopy and porosity characterization

SEM images of freeze dried and gold coated Chi:nGO 3:1 particles with
increasing magnification are presented in Fig 3. The aim of the microscopic
analysis is to describe both the topography of the material and an overview of the
porous size distribution. Fig. 3a) shows the macroscopic appearance of the
material after its sieving and the Fig. 3b) confirms the homogeneous particle size
distribution with an average diameter around 200 pum. A closer view in the last
two images indicates a highly heterogeneous distribution of the size and shape of
pores; furthermore, in Fig. 3d) it can be appreciated the presence of sub-
micrometric and nanometric pores within the cavity of larger pores. The MIP
result supports this appreciation since it is found a wide pore size distribution with
variable diameters ranging from 10 nm to 10 um and multiple maxima
(Supplementary data 2). In conclusion, this material cannot be classified
according to its porosity.
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Fig. 3. Macroscopic and SEM images of Chi:nGO 3:1 with increasing
magnification (b x50, ¢ x200 and d x3200).

3.2. Adsorption isotherms

The equilibrium assays were carried out in ultra-pure water (pH ~ 6.30) and all
the absorbance measurements were done once the equilibrium was achieved and
the results were expressed as ge (mg/g), i.e. milligram of sorbate per gram of
adsorbent, against ciprofloxacin concentration at equilibrium Ceq (mg/L). In order
to obtain a better description of the adsorption process, all the results were
analyzed through the non-linear form of three two-parameters isotherm models
(Langmuir, Freundlich and Dubinin—Radushkevich) and two three-parameters
models (Redlich—Peterson and Sips) (Altenor et al., 2009; Fu, Zhang, Lv, Chu, &
Shang, 2012).

In Supplementary data 3 are presented all the assessed models with their non-
linear equations and a Table that summarizes all the parameters and the RMSE.
The Fig. 4 exhibits the isotherm adsorption curve which adjusted better to the Sips
model. This model combines characteristics of Langmuir and Freundlich

13



depending on the concentration of sorbate. At low sorbate concentrations, it
effectively reduces to a Freundlich isotherm and, thus, does not obey Henry’s law.
At high sorbate concentrations, it predicts a monolayer sorption capacity
characteristic of the Langmuir isotherm (Foo & Hameed, 2010). Sips model has a
heterogeneity parameter represented by ns which, for this batch adsorption, is far
from 1 (ns = 0.38 £ 0.09) suggesting a heterogeneous sorption. This result would
be explained based on the ciprofloxacin molecular structure which has three
nitrogen atoms with basic properties and two unsaturated condensed and planar
rings in its structure. Therefore, it could interact by both via electrostatic attraction
and by n-7 stacking with the acidic groups and unsaturated hexagonal rings of
nGO, respectively (F. Wang et al., 2016). As can be appreciated, the adsorption
capacity of Chi is one order of magnitude lower than that of Chi:nGO
approximately, therefore all the subsequent assays were carried out using only the
hybrid material. This difference in the adsorption capacity would be attributed to
the lack of ionizable groups in the chitin structure in comparison with the hybrid
and the multiple interaction sites present in the latter. Finally, in the case of pure
nGO, the adsorption capacity exceeded the one of Chi:nGO 3:1 (gm =282 + 11
mg/g vs 73 £ 3 mg/g respectively, modeled by the Langmuir model). As could be
expected, the presence of chitin (with much less reactivity against ciprofloxacin)
reduces the adsorption capacity of the composite since it presents a 25 % w/w of
nGO.

300+ Vw
v
2504
__ 200
g —a— Chi:nGO 3:1
E - ~-a= Chi
o
T 100 monl
1
50 -
1 a
% = = T T — 1
0 200 400 600 800
Ceq (Mg/L)

Fig. 4. Adsorption isotherms of ciprofloxacin using Chi:nGO 3:1, Chi and nGO.
The best fitted model is plotted for each sample.

14



3.3. Column adsorption behavior
3.3.1. Effect of flow rate, pH, sodium and calcium presence

Fig. 5 exhibits all the breakthrough curves under the tested conditions. The Fig.
5a) shows the breakthrough curves at increasing flow rate (1 to 4 mL/min) at
constant bed height and influent concentration. As can be seen, for higher flow
rates the breakthrough times of the adsorption process become lower. The
parameter z from the Yoon-Nelson model (Table 1), which is the time required for
50 % adsorbate breakthrough, confirms this result since z decreases as the flow
rate increases. One interesting observation is that Thomas o increases with flow
rate. This phenomenon would be explained in terms of the adsorption mechanism
on this kind of material which at low flow rates ciprofloxacin would interact
mainly with the exposed surface and larger pores, and inner pores will be slowly
filled. On the other hand, an increment in the flow represents higher availability of
ciprofloxacin for the external sites that rapidly saturate and the remnant
ciprofloxacin is forced to be adsorbed on the inner pores surface at lower kinetic
rates, probably driven by an intrapellet diffusion mechanisms (Xu, Cai, & Pan,
2013). Considering SEM and MIP results mentioned in the characterization
section, it could be expected that the ciprofloxacin adsorption mechanism would
involve its interaction with all kind of existing pores and mainly with the external
surface of the particle. The latter would be favored with respect to the inner pore
surface at low flow rates or, at least, this phenomenon would be negligible.

It was demonstrated that the pH of the medium represents a very important
parameter to consider for the continuous adsorption of ciprofloxacin on the hybrid
material. Both acidic and basic pH (4.00 and 9.00) shift the breakthrough curve to
lower times, especially at pH 9.00 where the Ci/Co ratio increases at very short
times (Fig. 5b)). This behavior would be due by the distribution of ciprofloxacin
species and the charge density of the nGO present in the material according to the
medium pH. At pH 9.00, ciprofloxacin has a net negative charge due to its
carboxylate group (pKa 3.01) and is strongly repealed from Chi:nGO 3:1 which
has a pHpzc near to 5.50 (Supplementary data 4) (Chen et al., 2015; Qiang &
Adams, 2004). In the case of pH 4.00 the ciprofloxacin carboxyl group is

negatively charged whereas its nitrogen atoms are predominantly protonated and
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positively charged, however, this pH is below the material pHpzc. Therefore, at this
pH the main interactions between the sorbate and the hybrid would imply other
kind of interactions instead of electrostatic attraction. There could be proposed the
presence of hydrogen bondings with nGO oxidized functional groups and/or nt-n
stacking between the flat aromatic sections of nGO and the aromatic rings of
ciprofloxacin. The ns parameter of the Sips model in the isotherm analysis, which
indicates a heterogeneous adsorption, and the dynamic capacity of the Thomas
model (go) support this conclusion since the highest go corresponds to the
breakthrough curve at pH 4.00. When the electrostatic interaction is unfavored,
the hydrophobic adsorption would take a very important role in the removal of
ciprofloxacin.

Effects of the sodium concentration and the hardness of water are shown in
Fig. 5¢) and d). It is interesting that both cations produced different shifts in the
breakthrough curves of ciprofloxacin adsorption. Firstly, Na* not only affects the
curves shape but also increases the breakthrough times as the cation concentration
raises as can be appreciated in the Yoon-Nelson z parameter. Furthermore, the qo
of Thomas model increases according to the Na* concentration. These results
indicate that the salinity (i.e. concentration of sodium salts) would shield the
electrostatic interaction between the matrix and ciprofloxacin and favors the
hydrophobic interaction via a salting out effect. Secondly, the hardness of water
(expressed as mg/L of CaCOz) produced a similar effect to Na* in terms of
dynamic capacity (qo) and z times. An increment in the Ca*? concentration
produces larger breakthrough times; however, as can be seen in the first section of
the curves in Fig. 5d), Ca®* rapidly increases the C+/Co ratio due to the interaction
of the divalent cation with nGO. Chowdhury et al. studied the behavior of nGO in
different aquatic environments including salt types and concentration
(Chowdhury, Duch, Mansukhani, Hersam, & Bouchard, 2013). They
demonstrated that divalent cations (i.e. Ca?* and Mg?*) destabilizes nGO,
specially Ca*? due to the binding capacity of this ion with hydroxyl and carbonyl
functional groups of nGO. In the Hofmeister series, which explains the interfacial
phenomena according to the ionic composition of a certain medium, sodium is
one of the earliest member of the series producing an increase in solvent surface
tension and a decrease the solubility of non-polar molecules (salting out effect)

(Cacace, Landau, & Ramsden, 1997). By contrast, near the end of the series is
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located calcium which tends to increase the solubility of non-polar molecules and

produces a chaotropic effect.
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Fig. 5. Breakthrough curves for the different experimental conditions. Effect of

flow rate (a), pH (b), Na* concentration (c) and water hardness as CaCOs3 (d).

3.3.2. Adsorption of ciprofloxacin in real water samples

Fig. 6 and Table 2 show the continuous adsorption performance of spiked
ciprofloxacin from real water samples and the physicochemical profile with the
breakthrough model parameters, respectively. Each real water cationic
composition could be explained in terms of their different location sources. As can
be observed, the complex matrix of real water interferes with the adsorption of
ciprofloxacin on the material shifting the breakthrough curves to lower times
especially in the cases of ChascomuUs and Macachin cities which have less than
half of = of ultra-pure water and Buenos Aires curves. Moreover, there is an
important decrease in the qo of the first two cases. Is interesting that Buenos
Aires’s qo and 7 parameters are not appreciable different in comparison with the
spiked ultra-pure water breakthrough curve and the only difference is a decrease
in the kinetic rate parameter krn of the Buenos Aires sample. Albeit the

coexistence of cations influence was demonstrated, the overall behavior of the
17



breakthrough curves would be mainly lead by the medium pH since it establishes

the kind of interaction.
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Fig 6. Breakthrough curves for the real water samples and ultra-pure water.

4. Conclusions

The Chi:nGO 3:1 hybrid material showed to be applicable for the removal of
ciprofloxacin in a continuous system. Its high and wide size porosity endow to the
material with a low flow resistance which allows to work at different flow rates.
The isotherm assays demonstrated that the adsorption mechanism involves a
heterogeneous process since it fitted better to the Sips model with a heterogeneity
parameter far from the unit. The tested medium conditions and the real water
samples experiments showed that the type of interaction, both electrostatic
attraction or n-m stacking, and hence breakthrough times, are strongly dependent
on the pH and the cation composition. Basing on this behavior we can predict the
performance of the system in future applications taking into account the kind of
sample that will be treated by the column adsorbent. Finally, this work contributes
to the expansion of the applications of nanostructured materials that contain nGO
within its composition since there is no evidence in literature of research articles

that use this kind of materials in continuous systems.
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Table 1. Thomas and Yoon-Nelson parameter values for the different experimental conditions.

Model
. Flow rate (mL/min) pH

Condition Thomas Yoon-Nelson
go (mg/g)  kra (ML/mg min) RMSE kyn (mint) 7 (min) RMSE
Flow rate variation 1 6.30 53+1 0.69+0.05 0.1050 0.024+0.002 153+3 0.1050
2 6.30 90+1 0.46+0.01 0.0537 (160+4)x10* 128+1 0.0537
4 6.30 91+4 0.51+0.03 0.0770 0.018+0.001 65+3 0.0770
pH variation 1 4.00 7243 0.19+0.01 0.0969 (67+5)x10™* 207+7 0.1061
1 9.00 2412 0.25+0.02 0.0705 (86+7)x10™ 69+6 0.0969
50 1 6.30 92+1 0.185+0.004 0.0569 (65+1)x10* 263+3 0.0569

Na* (mg/L)
100 6.30 110+1 0.223+0.005 0.0524 (78+2)x10™* 315+2 0.0524
6.30 64+1 0.257+0.008 0.0882 (90+3)x10™* 182+3 0.0882
CaCOs (mg/L)
200 1 6.30 84+1 0.167+0.004 0.0445 (58+1)x10* 241+3 0.0449
Table 2. Physicochemical characterization and breakthrough model parameters of real water samples.
) ) Model
Oriain H K* Na* Ca** Mg=* CaCOs
: PP (mgi) (mgiL)  (mglL) (mglL)  (mglL)’
Thomas Yoon-Nelson
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Buenos Aires  7.99 72 34.8+0.8 17+1 1.8+0.1 49+4
Chascomus 8.58 39+3 603+16 40+1 18.0+0.6 174+6
Macachin 850 13+2 26710 47+1 27.820.5 231+4

“The hardness of water was calculated from the contribution of Ca®* and Mg?*.

do (My/g)
54+2

26.4+0.8
23.6+0.7

kth (mML/mg min) RMSE

0.27+0.01 0.1094
0.46+0.02 0.0644
0.49+0.02 0.0734

kyn (min™)
(94+5)x10™
(160+6)x10™
(58+1)x10™

7 (min)
15445
7612
67+2

RMSE
0.1094
0.0644
0.0734
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